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I SUMMARY AND CONCLUSIONS

Motor 260-SL-2, the second 260-in.-dia mbtor fabriceted by Aerojet-General
Corporation under contract to the Nationel Aeronsutics and Space Administration,
was test fired at the Aerojet-Da&e Division facility at T7:00 p.ﬁ., 23 February 1965.
Ballistic performance of the motor was essentially &s predicted and the performance
of all subsystems closely duplicated the performance previously obtained in test
firing of motor 260—SL—1. -

Motor ignition was smooth and stable with an ignition interval of 0. 336 sec.
The initial steady-state chamber pressure of 466 psia was attained at O. 62 sec
after fireswitch. When forward-end chamber pressure reached 125 psia, the command
gilgnal to actuate the explosive bolts retaining the ignition notor in position was
initiated; the ignition motor and retaining structure assembly were then ejected
with the sled prdcéeding up the track normally. The cables restraining the sled
failed and the ignition motor assembly followed & trajectory similar to that
oceurring in the firing of motor 260-SL-1, with impact in the plenned ares
approximately 50 y&rds-beyond the end of the canal to the east of the casf cure,
and test facility. Retraction of the igniter support tower wasg initiated when
the aggembly cleared the end of the tower. The tower retraction cycle was

initiated at 0.570 sec; and the tower was fully retracted at 4.8 sec.

Propellant‘burning wes normal with maximum pressure and thrust of 601 psis
and 3,564,000 1bf, respectively, recorded at 40.5 sec. During the action time of
129.8 sec, the motor operated at an average chamber pressure of 489 psia and
delivered an average thrust of 2,865,000 1bf. The total impulse during motor
action time was 371,900,000 lbf-sec, yielding a specific impulse of 228.9 lbf-sec/lbm
at motor conditions, which is equivalent to a specific impulse of 246.1 1bf-sec/lbm
at standard conditions. '

Page 1
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I, Summary and Conclusions (cont.)

Measured chamber pressure versus time was within 1% of predicted values
during 80% of mctor action time and closely duplicated performance obteined
during the firing of motor 260-SL-1. Results obtained verify the adequacy of
improved propellant grain processing techniques used for this motor. The confidence
level in -the capability fo produce the selected propellant formulation with
consistent properties was further increaséd by use of PEAN terpolymer from & lot
that was manufactured by a supplier different from that of the meterial previously

used in this progran.

The structural integrity of the pressure vessel was maintained throughout
the firing. There 1s no evidence that any gas leakage occurred or that abnormal
loads were applied to any component. The internal insulation afforded adequate
thermal protection. Structural integrity of the nozzle and exit cone was also
maintained for the firing duration. Erosion performance of the nozzle rubber
insulation and all ablative plastic liner components was very similar to that
obtained in the firing of motor 260-SL-1. The average measured postfiring throat
diameter was 1.25 in. greater than the prefiring diameter, which yields an average

throat erosion rate of 4.8 mils/sec during motor action tiem.

The previous test firing of motor 260-SL-1 demonstrated that fabrication,
handling, and processing of all components required for large unitized-chamber
solid propellant rocket motors is fegﬁible. The complete success of motor 260-SL=2
further confirms this demonstratioh; and also increases the confidence level-in the

materials, component designs, fabrication methods, and processing operations used

for these motors.
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IT. QRIECTIVES
The primary objectives of the static test firing of motor 260-SL-2 were:

A. To demonstrate that high reproducibility of performance is obtairable

for all components of a very large solid rocket motor.

B. To demonstrate predlctabllity of ballistic performance of large soiild
rocket motors and show that a reproducible correl&tlon exists between propellant
burning rate as determined in laboratory tests and that occurring in actual motor

firing.

G, To further confirm the suitability, and thereby increase the confiderce
level in use of materials, component designs, fabrication methods, and proécessing

operations selected for application to very large solid rocket motors.

D, To verify the adeguacy of improved propellant grain processing techniques
and demonstrate performance of propellant formulated from a lot of terpolymer that
was manufactured by & different supplier than materlal previously used in this

progran .

Secondary test objectives included obtaining data to define the effect of
the motor firing on test facility and equipment items, and environmental effects
in the area of motor firing to confirm data cobtained during the firing of motar

260-8L-1.
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III. DESIGN AND FABRICATION

The 260-in.-dia short-length rocket motor (260-SL-2) consists of a mono-
1ithiec steel chamber with a o60-1in. nominal inside diameter, & single, fixed
nozzle with plastic ablative insulation, and & composite propellant cast in an
internal-star monolithic grain. Ignition is By an externally mounted ignition
motor, firing through the nozzle of the mqtor. The motor assembly is defined in

Figure 1.

The Contract Work Statement reguired that all components designs use
existing and proven materials and processes to as large an extent as possible;
this reguirement has been met in motor 260-5SL-2. Except for minor changes in the
chamber insulation, the motor is identical in design to motor 260-SL-1, which was

successfully test fired on 25 September 1965.

Fabriéation of the major motor components was conducted by subcontractors,
in compliance with designs prepared by Aerojet. Propellant manufacturing and
motor processing coperations were conducted by Aercjet at the Aerojet-Dade
Division (A-DD), Dade County, Florida.

A, CHAMBER
1. Design

The chamber is of monolithic construction with a nominal 260-in.
D, is fabricated of 18%-nickel mareging steel with a yield strength of 200,00C to
235,000 psi at 0.2% offset (200 class), and has a minimum design factor of safety
of 1.3 based on the original maximum expected operating pressure (MEOP) of 670 psia.
A reduction in minimum yield strength of 5% fhroughout the presgsure vessel is
‘gllowed for weld efficiency when combined with weld mismatch, resulting in

190,000 psi as the minimum design allowable yield strength.
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III, A, Chamber (cont.)

The 260-SL-2 chamber is defined in Figure 2. The design may be
used in the full-length configuratien by incorporating additional center-sectiosn

lengths.

The 260-SL-2 chamber design consists of a 260-in.-ID cylindrical
section that is 510 in. long between thelforward and aft equators, a hemizpherical
forward head with a 5.2-in.-dia polsr flange, and & hemispherical aft head with &
183-in.-dia nozcle attachment flange. The overall chamber length is 735.11 in.

A skirt is provided at each end of the chamber.

The minimum design thickness of each section of the chamber and

the stress conditions which were the determining design criteria, are listed below:

Component Minimum, Thickness, in. Design Criteria
Cylindrical ' 0.600 Pressure-vessel membrane stress
Section
Forward Head o.3%0 Membrane stress plus head-to-cylinder
discontinuity loading
Aft Head 0.600 Membrane stress plus nozzle attachment
flange digcontinuity loads
Forward Skirt _ 0.700 Full-length motor weight and thrust times

1.2 plus Y-degree TVC loads; all times
1.25 dynamic load factor

Aft Skirt 0.500 Horizontal handling loads of 1.3 g
- axially and 3.0 g radially '

The nozzle attachment flange incorporates a shear lip design
which minimizes the joint crosz section required and eliminates the posgibility
of developing shear loads in the bolts. There are 220 drilled and tapped bolt

holes in the aft face of the flange for installation of the nozzle assembly.
A 5.2-in.-ID flange is incorporated in the forward head of the

chamber to facilitate fabrication, procesgsing, and hydrostatic test. Essentially,

the joint is designed for a pressure-only loading condition with a cap for the
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IIT, A, Chamber (cont.)

test firing. The firing cap has three l/h-in.—dia instrumentation pressure taps

and a shear lip to carry the high shear component'of membrane load,
2. Fabrication

The chamber was fabricated by Sun Shipbuilding & Dry Dock Co.,
Chester, Pernn., using identical materials and fabrication technigques that were
used on the 260-8L-1 motor chamber. A detailed description of fabrication pro-
cedurss used for both chambers is presented in the final test report of motor
260-SL-1, Reference 1.

All manufacturing deviations are documented in the Motor Log
Book and were accepted by Engineering Review Board action prior to the chamber
hydrostatic test, All such deviations were considered to be minor and 4id not
affect the structural integrity of the chamber assembly. The hydrostatic proof
test subjected the chamber and nozzle-shell assembly to a pressure of 1.2 MEOF.
Basic membrane stresses recorded during the hydrostatic proof test at the more
significant areas of fabrication deviation were below the minimum stress of
190,000 psi.

The actual weight of the completed chamber was 122,085 1b
(Figure 3).

E. NCZiLE
1. Tesign
a. Conf'iguration
Motor 260-SL-2 has a single, fixed, on-center nozzle with
a 71.000-in. initial throat diameter; the nozzle design is shown in Figure L,

The throat diameter was selected on the basis of motor performance requirements

established from interior ballistic'design and performance parameters.
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III, B, Nozzle (cont.)

The nozzle configuration congiets of an entrance section
with a radius of curvature equsl to the throat radius, a throat extension, und
an exit cone with a divergence half-angle of 17.5 degreeg. The exit cone expansion
ratio is 6.0:1, which is the optimum ses-level expansion for a chamber pressure of

600 psia; the exit cone configuration is shown in Figure 5.
b. Components
(1) Nozzle Shell

The nozzle shell (Figure 6} is designed to provide
aft-end clogsure for the pressure vessel and structural support for the ablative
plastic inserts; the minimum design thickness of the shell iz 0.7Y5 in. The entrance
configuration of the nozzle shell has a double conical angle. The steep initial
angle was desgigned for compatibility with the chamber joint, and the shallower
conical angle forward of the throat section was designed to minimize the entrance-
liner insert thickness and to permit inclusion of a mechanical stop for the throat
insert. A seven-degree angle waz selected for the throat section go that the

throat insert would restrain against ejection loads.

The forward attachment flange hag the structural capacity
for a Y-degree jet-deflection bending moment. The flange has 220 1.310-in.-dia
holes, which are match-drilled to the corresponding tapped holes on the chamber aft
flange. The ID of the nozzle~Ilange shear lip is machined to within a total range of

0.015 in. of the 0D of the chamber aft flangea

One-hundred and seventy-six 0.931-in.-dia holes are drilled

and counterbored through the aft flange for installation of the exlt cone assembly.
(2) Ablative Plastic Components

The nozzle has three ablative plastic inserts borded to

the structural shell. ZEach insert contains ah ahlative surface material gelected
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III, B, Nozzle (cont.)

for erosion-resistance characteristics and an overwrap material selected for insulat;
ing and structural properties. Carbon cloth and phenolic, MX-4926, was selected as
the akblation surface material between the upstream area ratio of 2.0:1 and the down-
stream area ratio of 3.0:1,'where high resistance to erosive effects of motdr exhaust
gases is required. The less costly, less erosion-resistant gilica-cloth and
phenolics were selected for the high—areé ratio regions; MX-2646 was used upstream
of the throat between the area ratios of 3.25:1 and 2,0:1, and FM-5131 was used
downztream for area ratios greater than 3.0:1. The overwrap material for the
entrance insert is M-2646; all other inserts of the nozzle were overwrapped with
FM-51%1.

Ezch insert is designed so that the tape laminations are
oriented at & particular angle with respect to the ablatlon surface. The entrance
insert to° s laminate orientation of 80 degrees (nominal) with respect to the nozzle
center iLine for both the silica-cloth-and-phenolic and the carbon-cloth-and-phenolic
ablation surface materials. The entrance insert is located between the upstream
area ratios of 3.25:1 and 1.10:1. The throat insert has a laminate orientation of
67 degrees {nomiral) and is located from the 1.10:1 upstream area ratio to the 1.05:1
downetresm gres ratio, The throat extension insert has a laminate orientation of
30 degrees (nominal) and is located between the downstream area ratios of 1.05:1 and
2.0:1. Twe Jlaminate orientation of the overwrap material is parallel to surface for
all thres inserts in order to provide maximum insulation protection for the structural
shell.

The exit-cone liner extends between the downstream area
ratios of 2.01:1 and 6.0:1. Both the MX-4%926 and FM-5131 ablation surface materials
have laminstes oriented parallel to the nozzle center line. The two materials are

overwrapped parallel to the surface of the part with FM-5131.

The insert-thickness design is based on the predicted
temperature profile through the insert and the structural requirement due to thermal
stresges. The desighed insert thickness is determined to be adequate for twice the
predicted ablation depth and to have sufficient thickness below the heat-affected

zone for structural requirements.
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"

III, B, Nozzle {cont.)

The plastic inserts and rubber insulation are bonded to
the structural shell with epoxy adhesive. Buna N rubber O-rings are used to prevent

gas flow at the interface betwéeﬁ the inserts and structural shell.
(3) Rubber Insulation

The nozzle rubber entrance section is designed to provide
insulation in the nozzle shell from the step jeoint to the noézle plastic entrance
insert. The Gen-Gerd V-Ui rubber nozzle insulation is 176.2 in. in dismeter at the
step joint and 92.1 in. in diameter where the rubber blends into the nozzle silica
cloth and phenolic liner. The maximum rubber thickness is 12.7 ih, at the 130-1in.
diameter. The design thickness was determined as a function of exposure time,
thickness-loss rate of V-4l observed in 100-in.-dia motor tests as a function of M« cn

numbers, and a 2.0 safety factor.

The rubber insulation thickness specified for the 260 -81,-2
component is legs than that used on 260-SL-1. As shown in Figure 7, the 260-8L,-2 '

nozzle insulation was thinner than the nozzle insulation in motor SL-1.
(4) Exit Cone Structural Shell

The exit cone shructural shell is a honeycomb sandwich
structure with forward- and aft-end flange rings and is bonded to the exit-cone
plastic liner with Epon 913 adhesive. The honeycomb sandwich consists of 17-7 PH
stainless-steel facings with a minimum 0.2% offset yield strength of 150,000 psi aﬁd
a 0.72-in.-thick aluminum honeycomb core. Two 0.026-in.-thick sheets are used for
the inner facing and one 0.026-in.-thick sheet is used for the outer facing, with

doubler sheets at the splice joints.
The stainless-stecl facings are bonded to the aluminum

core and forward- and aft-end rings with Epon 955 adhegive film. The bond-line

thicknegs is from 0.005 to 0.011 in. The forward- and aft-end rings are designed for
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III, B, Nozzle (cont,)

attachment end handling and are made of normalized AIST 4131 steel and AIST h43lo
steel, respectively. An aluminum segmented ring is provided at the exit plane to

retain and minimize movement between the liner and structural shell,

To provide protection against radiant heating from the
exhaust gas, Gen-Gard V-6l trowelable insulation is applied around the exit cone aft
ring, and cork sheet insulation is bonded on the aft b £t of the exit-cone exterior

surface,
2. Fabrication
a. Nozzle Shell

The 260-SL-2 nozzle shell was fabricated by Sun Shipbuilding,
using essentially the same techniques and materials as were used on the 260-8L-1
nezzle shell, except that all final machining of the 260-SL-2 ghell was completed
prior to hydrostatic test. A description of the fabrication of the nozzle shell is

reported in Reference 1.
b.  Plastic Components

The fabrication plans for the entrance, throat, and throat
extension inserts of the nozzle were similar. The ablative surface liner was tape-
wrapped on a mandrel at the specified laminate orientstion angle, vacuum bagged, and
preformed liner was then machined on the outside diameter and overwrapped parallel
to the surface with silica cloth and phenolic tape to the required thickness. The
composite ingert was vacuum-bagged and final-cured in an autoclave cycle at 300°F and
300-psi pressure. The cured insert was machined on the outside diameter and ends to
mate with the nozzle shell and adjacent components.

Deviations from the sbove fabrication procedures and dis-
crepancies from the design requirements for each plastic component are delinested
below. '
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I1I, B, Nozzle (cont.)
(1) Entrance Insert

The entrance cap liner was preformed at apiroximstely
180°F for approximately 3 hr longer than the cycle specified. In subsequent test
values for the fully cured part the physical properties were verified to be within

specification limits.

After machining the outside diameter of the preformaa.
liner, undersized discrepant areas were observed in three circumferential regions.
One discrepancy (0.030 to 0.200 in. deep by 0.125 to 1.00 in. wide} was located ir
the gilics cloth and phenolic material adajacent to the forwara end. The other two
regions were in the carbon cloth and phenolic material; one was located near the
silica cloth to carbon cloth interface, and the other approximately 10 in. aft of
the interface. The discrepanciez in the two carbon cloth regions were 0.005 to
0.1h0 in. deep by 0.200 to 0.450 in. wide. These grooves were sanded to rougheri the
glazed surfaces, and each side of the groove was feathered to an angle of 15 degreos
to the main surface. The grooves were subsequently filled with silica cloth and

phenolic overwrap material during overwrapping of the liner.

‘ The surface at the 128.13-in. diameker oi the final cured
insert was undersize by a maximum of 0.25 in. The undersized area was filled with

additional Epon 913 adhesive during bonding of the insert to the rozzle shell.

A series of radiographic and ultrasonic inspections showed
one delamination and five rasin defect indications. The delamination was located
midway axially in the silica cloth and phenolic liner and adjacent to the overwrap
interface. One resin defect was in the silica cloth and phenolic liner near the
interface to the carbon cloth and phenclic. Nondestructive test date indicated that
thege defects were all of less severity than the delamination indications observed
in the 260-8L-1 nozzle throat insert. FPhysical properties data from test specimens

of this component are shown in Figure 8.
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III, B, Nozzle (cont.)
(2) Throat Insert

No discrepancies were observed in the final-cured throat
insert. Thysical properties data from test specimens of this component are shown

in Figure 9.
(3) Throat Extension Insert

The depth of the O-ring greoove was 0.177 to 0,193 in. for
approximately 90 degrees of the circumferential length; this depth was 0.007 in. over
maximum dimensions. Compression of the O-ring is still within design limits, and

areas forward and aft of the QO-ring were sealed with Epon 913 adhesive.

No silica cloth and phenolic material was avallable for
property determinations from the aft test ring, because the as-wrapped liner was held
to the maximum possible length to assure sufficient bagging surface during preform
and cure without blocking the vacuum ports on the mandrel. The mechanical and
physical properties of the silica cloth and phenolic were determined from the forward

test ring and are presented in Figure 10.

All results'were within specificétion limits except for
volatile content of the silica-cloth overwrap. The average volatile content was
3.29%, as compared with the specification 1imit of 3% maximum. This discrepancy was
acceptable because the overwrap is used primarily as an insulator. Components with
volatile contents of 3.0 to 3.5% were used in the 120-88-1 and 260-8L-1 motor nozzles

with no apparent effect on performance.
(4) Exit Cone Liner
The fabrication sequence for the plastic liner was to

tape both the MX-4926 and FM-5131 innerwrap materials parallel to the nozzle center

line, machine the outside diameter, and overwrap FM-5131 tape parallel to the surface
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III, B, Nozzle (cont.)

The compdéite part was then wrapped with a sandwich of nylon tape in tension.
Longitudinal metal strips were used to prevent axial slippage of the nylon tape.

The composite part was then vacuum-bagged and cured at 300°F.

Mechanical and physical property determinations were con-
ducted on the cured liner., The forward*and aft test rings of the liner were sectioned
into test specimens and tested in accordance with specification requirements. Therse
was insufficient material in the silica overwrap of the aft test ring for inter-
laminar shear and microtensile test specimens; therefore, properties were determined
from the forward test ring. Test results of the exit cone liner are shown in
Figure 11. CAll test values met the specification requirements with the exception of
the volatile percentage, which was 3.29% maximum, exceeding the specified 3.0% maxi-
mun. This deviation was accepted since previous components from the 120-8S-1 and

260-SL~1 motor nozzles performed as designed with comparable volatile content.

Ultrasonic inspections were performed on the liner to check

for flaws, delaminations, and inclusions. No indications were obtained.
¢. Rubber Insulation

The nozzle insulation was fabricated by Goodyear Tire & Rubber
Co., using 0.250-in.-thick plies of Gen-Gard v-b4 rubber. Layup and cure of the
insulation was accomplished to the design contour using a segmented steel mendrel.
The assembly was vacuum sealed and cured in an autoclave. A test block equivalent to
the thickest section of the nozzle rubber insulation was cured with the component to
permit determination of vulcanization temperature by means of imbedded thermocouples.
These sample blocks were subsequently sectioned and tested to verify that acceptable
cure was obtained. After cure, the nozzle insulaticn interior surface was ground to

the design contour.
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III, B, Nozzle {cont.)
d. Nozzle Assembly.

The plastic inserts were bonded to the nozzle shell in the
following sequence: throat extension, throaﬁ, and entrance insert. EFach insert
was dry-fitted to the nozzle shell; shim thickness gages were used to determine the
bond~line thickness. 0O-rings were lubricéted with MIL-L-43L43 and installed in the
O-ring grooves. PR-1910 silicone rubber sealant wes applied to the tapered inter-
face gap between inserts. The mating surfaces of the insert and shell were coated
with Epon G13 adhesive, assembled, and positioned in accordance with the dry fit.
The assembly was cured at room temperature for a minimum of 72 hr. After the inserts
were bondéd, the interior surfaces of the entrence and throat inserts were machined

to the specified contour.

The V-4 rubber insulation was then bonded in place with
Epon 948 adhesive and vacuum-bag cured at ambient temperature. The forward face of

the V-4U4 insulation was final-machined to the designed configuration.

The bond-line thicknesses, which were determined during
assembly, are tabulated in Figure 12 (the thicknesses were within the specified
limits). Adhesive bond strength was determined from test panels of representative
bond-line thickness for each bonding cycle. Each panel was processed simultanecusly
with the assembly and was sectioned into specimens, which were tested for lap tensile
shear strength. The bond strengths for the nozzle assembly components (Figure 12)
met the minimum requirements, with the exception of the insulation bond strength.
However, the values obtained were greater than those obtained on the 120-85-1 and

260-8L-1 motor nozzles, and were acceptable.

Axlal gaps between inserts were measured after the inserts
were in place in the shell. A summary of the gaps is shown in Figure 12. The
slight deviations from specification tolerances in the gap dimensions, which occurred
between the throst insert and nozzle shell and between the entrance and throat inser-s,

were minor and were acceptable. Also, a gap deviation occurred between the rubber
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IIT, B, Nozzle (cont.)

insulation and entrance insert. However, a greater disparity occurred in the 260-ST,-1
nozzle without degrading performance; therefore,  the deviation in the 260-SL-2 nozzle

was accepted.

Ultrasnoic ingpection of the liner bond was performed with com-
plete surface scanning. The inspection included a wet sonic inspection directly after
bonding and a dry sonic inspection after adhesive cure. Another inspection was con-
ducted after the entire assembly was completed. A summary of the ultrasonic
ingpection results is shown in Figure 12. No defects excesded the specification

requirement.

A leak test of the bonded nozzle assembly was conducted ag a
final inspection of the bond between the steel shell and the inserts to assure that
no gas flow path existed at the bond line. The leak defection media was Freon
pressurized to 50 psi with nitrogen. - The detection media was introduced sequentially
at the forward and aft interfaces of the throat insert. All other plastic-insert
interface Jjoints and the plagtic-to-steel bond interfaces were checked for leakage;

no leskage wag detected in the nozzle assembly.

The internal surface of the nozzle plastic inserts was coated
with Skydrol 162-¥-22 primer and a trial assembly of the nozzle with the exit cone
was completed.

e. Exit Cone Assembly
The exit-cone honeycomb structure was assembled in three bond
cycles that successively built up the structural shell on the liner. In each case,
the assembly was vacuum-bagged and cured at 185° + 10°F for L hr with a vacuum of

20 to 25 in. of Hg.

In the first cycle the inner layer‘of stainlesg steel was

bonded to the plastic liner with Fpon 913 epoxy adhesive. In the second cycle the
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second stainless steel layer, aft flange, and honeycomb were bonded to the inner
steel layer. Epon 913 adhesive was used for bonding the aft flange to the liner,
while Epon 955 film adhesive was used for bonding the inner facings and honeycomb

core.,

In the third cycle the forward flange, outer facing, and
outer doublers were bonded in place. The d-ring was Instelled in the groove of the
liner. Epon 913 adhesive was used for bonding the forward flange to the liner, and
Epon 955 film adhesive was used for bonding the outer facing and outer doublers.
After bonding, screws were installed to attach the outer doublers to the forward and

att flanges.

The thickness of the forward flange wag changed from the
specified dimension of 0.500 to0.520 in. to a dimension of 0.486 to 0.509 in. and
the aft-flange thickness was also changed from 0.250 to .280 in. to a dimension of
0.7 Lo 0.297 in. to compensate for variation in the inner doubler material and
bond-line thickness. Bond-line thicknesses for each component of the honeycomb

structure during assembly are tabulated in Figure 12,

Adhesive bond strength was determined either from test panels
of representative bond line thickness for each component or from trepan test data.
The bond strengths of the exit-cone assembly components are shown in Figure iz,

The tensile shear strengths of test specimens were less than the specified minimom;
however, the values are in excess of the functional design requirements. The trepan
test results on the actual assembly were above requirements and are a truer repre-

sentation of the bond strengths.

The regults of the ultrasonic inspection of bonds are summariz=d
in Pigure 12, TUltrasonic ingpection of the exit cone liner ID after assembly
revealed intermittent delaminations at the forward end extending up to 50% of the
circumference and 1/8 to 1/4 in. beneath the ID. The delaminations were injected

with Epon 913 and cured at room temperature.
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The completed exit-cone assembly was leak tested to assure
the lack of gas flow in the bond line tetween the plastic liner and honeycomb
structure and within the bond lines of the honeycomb structure. No leskage was

detected in the exit-cone assembly.

The five segments of the retainer ring were bonded to the aft

flange ring with Epon 913 adhesive. The 190 retaining bolts and nuts were ingstalled.

Sheet-cork insulation was borded to the aft 4 ft of the exit-
cone external surface with epoxy adhesive. A vacuum-bag cure at ambient temperature
was uged. Vinyl primer was sprayed on the cork sheet. The internal surface of the
exit-cone plastic liner was gprayed with Skydrol 162Y22 primer and cured at ambient

temperature.

A sling failure caused the leak test fixture to drop onto the
exit cone assembly during posttest disassembly operations. The resulting damage con-
sisted of three 0.5-in.-square by 0.050-in.-deep gouges in the Tront face of the
forward flange; five indentations (up to 0.125 in. deep) on the outer doublers; =nd
two 5-in.-square gouged aress in the cork insulation. The forward flange gouges
were blended and dye penetrant inspection indicated that the flange was acceptable.
The damaged areas of the doublers were ultrasonically inspected, and unbonding was
indicated between the outer doubler snd the facing. The unbonded and damaged por-
tions of the doublers were removed and replaced with new doubler pieces which were
bonded with Epon 913. Subseguent ultrasonic inspection indicated no unbonding in the
repaired areas. The demaged areas of the cork were removed and replaced with new

cork.

The boom of a 1lift truck came in contact with the exit cone,
causing minor indentations to two outer facings which were 0.045 to 0.070 in, deep
and created an unbonded area of approximately 1 sq in. in a doubler scallop. The
areas surrounding the indentations were ultrasonically inspected, found to be sound,

snd accepted for use in motor 260-8L-2.
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C. CHAMBER INSULATION

1. Design

Motor 260-SL-2 was insulated with vulcanized Gen-Gard V-44 butadiene
acrylonitrile rubber segments bonded into the motor chamber. Insulation thickneas
was determined from observed material loss rates, exposure time, and a 2.0 safety .

factor.

The forward head insulation thickness ranged from 1.25 in., at the
access boss in the forward dome to 0.20 in. (minimum) at the cylindrical section

joint,

The cylindrical section insulation consisted of three plies of
0.10C~in.-thick (minimum) V-4% rubber. Addition of the third ply was based on the
260-SL-1 test firing data, as a result of the higher-than-expected loss rate of the
cylindrical gsection insulation during the extended posttest after-burn, which

occurred prior to quench actuation.

The aft insulation thickness varied from 2.76 in. at the nozzle
step joint (vs 4.26 in. on Motor 260-8L-1) to 0.20 in. at the center-section joint.

The area around the 5.2-in.-dia boss in the forward dome and the
forward cap was insulated with 1.25-in.-thick V-4 rubber. A female step Joint
was lncorporated in the 24-in.-0D forward insulation disk to mate with the male

step joint on the forward cap assembly.
The 0.25-in.-thick Gen-Gard V-45 rubber forward and aft propellant

boots are designed to protect the propellant for 220 sec, which originally incorpo-

rated a 2.0 safety factor based on a 110-gsec web action time.
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III, C, Chamber Insulation (cont.)
2. Fabrication

The forward and afﬁ insulation and boot segments were laid up on
auxiliary tooling conforming to the dimensions of the chamber heads. After layup, the
components were cured in an autoclave. Sample blocks of unvulcanized V-4 rubber,
equivalent to the thickest portion of the insulation component, were cured with each
component to provide vulcanization temperature by means of imbedded thermocouples.
After cure, the sample blocks were sectioned and tested to verify accepiable cure

hardness.

Sheets of 33-in.-wide unvulcanized V-U rubber were rolled on drums
for cylindrical-section insulation. The drum was then vacuum-sealed and cured in an

autoclave. After vuleanization, the csheets were visually inspected and spark tested.

The forward firing-cap insulation and forward boss insulation were

compression molded in a 1020-ton press and autoclave cured.
D. IGNITION MOTOR ASSEMELY

1. Design

The aft-end ignition motor assembly for the 260-8L motors, shown in
Figure 13, consists of four major subassemblies: ignition motor, ignition motor
booster, booster initiator, and safety-arming device.

a. Ignition Motor

The Ladish D-6aC forged steel pressure vessel was designed to

meet the following operating requirements:
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IIT, D, Ignition Motor Assembly (coﬁt.)

Nominal operating pressure, psia 1000
MEOP (nominal pressure x 1.5), psia 1500
Proof pressure (MEOP x 1.33), psia 2000
Design pressure (MEGP x 2.0), psia 3000

The required tensile yield strength of the Ladish D-6bal forged steel is 200,000 to
220,000 psi.

‘ The internal surfaces of the ignition motor are insulated with
0.50-in.~thick V-ilt rubbver.

The ignition motor exit cone consists of ATST-4130 steel forgings
and plate with an ultimate tensile strength of 160,000 to 180,000 psi. To reduce the
heat-flux into the exit cone steel during ignition motor operation, the interior sur-
face is coated with zirconium oxide. A phenolic-impregnated silica-cloth throat insert

is bonded into the aft closure with Epon 913 adhesive.

The grain configuration is an inverted, 30-point gear with a
0.50-ir.. web thickness. The propellant is ANP-2758, a polyurethane formulation with
a 0.8 in./sec burning rate at 1000 psia, developed and fully qualified for use in the

Wing II second-stage Minuteman igniter.
. Ignition Motor Booster

The ignition motor booster, shown in Figure 14, is a modified
first-stage Polaris B-3 Alcle grain, contained in an AISI 4130 steel chamber. A 78-gm,
1.0-in.-dia by 1.0-in.-thick, solid Alclo grain is the primary booster charge and is
contained in a samller ATST 4130 steel chamber. The secondary booster charge is a
2.0-gm mixture of Alclo pyrotechnic powder and boron-barium chromate ignition powder

and is contained in a small cavity in the booster mounting adapter.
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I1I, D, Ignition Motor Assembly {cont.)
c. Booster Initiator

The 2.0-gm, EA boron-potassium nitrate booster initiator is a
modification of the Minuteman second-stage igniter initiator. The initiator is the
connecting pyrotechnic link between the two ES-003 squibs (U.S. Flare 207 D-1) in the
safety and arming device and the ignition motor boogter. The 2.0-gm charge is

installed in a small alumirnm capsule, located in the booster mouniting adapter.

2. Component Fabrication

The components for ignition motor assembly 260-TM-0T7 were fabricated
by subcontractors and shipped to Aerojet, Sacramento, for inspection and final assembtly.
No tolerance or processing devistions cccurred during the fabrication and assembly of

the 260-8L-2 ignition motor.

The ignition-motor chamber was fabricated by the Oskland Machine
Works, Oakland, California. The forward closure, chember, and aft closure were machined
from Ladish D-faC steel férgings after welding. The measured yield tensile strength
of the Ladish D-6al specimens ranged from 201,000 to 214,000 psi.

The Holz Rubber Co., Lodi, California, installed the V-4 rubber
insulation into the chamber. The final-cure Shore "A" hardness ranged from 78 to 82,

which is within the design tolerances.

The exit cone waz also manufactured by the Oakland Machine Works.
The average measured ultimate tensile strength of the AISI 4130 steel specimens was
174,500 psi. Zirconium oxide was applied to the interior surface by a plasma-arc

SEpray process.

The throat insert wag fabricated by Elder Industries, Los Angeles,
Celif., from FM-5131 silica cloth and phenolic supplied by U.S. Polymeric Chemical Co.
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The KR 80000-07 safety and arming device was obtained from the
Minuteman Wing VI second-stage program. The device ig currently in use on all three
stages of the Wing VI missile. The ES-003 squibs, which are housed in the safety and

arming device, contain 90 milligrams of pyrotechniec material.

3. Processing and Final Assembly

a. Propellant Processing

Propellant installation was accomplished by & mold-casting and
secondary bonding technigue. The propellant was mixed in 1800~ to 2000-1b batches and
cast into molds. After cure, the exposed propellant in the mold was restricted by
bonding 0.100~in.-thick Gen-Gard V-45 rubber sheets to the propellant surface with
SD-850-2 liner. The restricted propellant slabs were removed from the molds and
bonded into the insulated chamber with Epon 948 adhesive. Ten propellant slabs were

required.

Two ANP-2758 propellant batches were mixed; 575 lb of each batch
were used in ignition motor 260-IM-07. Propellant from these batches was also used
in the ignition motor for motor 260-8L-1. The cured propellant properties met the
design requirements, and the ballistic performance of this propellant used in the

260-8SL-1 ignition motor firing was satisfactory.
b. Final Assembly

Ignition motor 260-IM-07 was assembled at A-DD. Samples from
each batch of the propellant, SD-850-2 liner, and Epon 98 adhesive used in 260-IM-07
were taken during propellant installation. The 9D-850-2 liner bond strength between
the ANP-2758 propellant and cured V-45 rubber met the design requirement, as shown
below,
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. Dlouble-Plate Tensile Tests
Liner Bond Tensile Strength, psi

Propellant Batch ‘ Measured Reguired
b-MM1-14 107, 115, 117 60 minimum
LMM1-15 121, 115, 115

The Epon 948 adhesive peel strength between cured V-Uli and V-L5 rubber ranged from
16 to 33 1b/in. for 20 samples; the minimum design requirement is 8.0 1b/in.

E. PROPELLANT GRAIN

1. Design Description

. Grain Configuration

The grain configuration for motor 260-3L-2 is identical to that
of motor 260-8L-1 and was designed to meet the performance requirements of the work
statement, which are summﬁrized in Figure 15. As shown in Figure 16, the perforation
iz a three-point star resembling a-éloverleaf. A partial web is used in the forward
head to reduce ballistic curve regressivity in the short-length motor. The 4,0-in.
radii of the star-point fillets are a compromise between sliver loss and stress con-

centration. All surfaces have fore-to-aft tapers to facilitate core removal.

The propellant-to-chamber bond is partially released at the
ends of the chamber to reduce peak stresses resulting from thermal shrinkage and
acceleration loads. The released ends of the grain are bonded to release boots, as

shown in Figure 16.
b. Propellant
The propellant tailored for the 260-SL motors is a conventional

smmonium perchlorate and sluminum composite with a binder based on a terpolymer of

polybutadiene, acrylonitrile, and acrylic acid (PBAN). The specific formulation
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(Figure 17) is adjustable for raw material lot-to-lot variabilities. The diepoxide
curative content is adjusted to achieve target mechanical properties, and the ferric

oxide content is varied to achieve desired burning rate.
c. Liner

The 8D-850-2 liner used for bonding ANB-3105 propellant to the
chamber insulation is a PBAN-based formulation, similar to the propellant binder, with
appropriate fillers and curing agents for satisfactory application properties. The
liner is applied to a thickness of 0.035 + 0.010 in. and is cured at elevated tempera-
ture. The specific liner formulation developed for the 260-SL motors is shown in

Figure 18.
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Iv. MOTOR_PROCESS ING

A, CHAMBER INSULATTON

In preparation for insuiation, the interior surface of the chamber was
cleaned with methyl chloroform until the surface showed no visible oil or residue
and then sandblasted with No. 30 aluminum oxide grit. After final cleaning, Tuller

162-¥-22 epoxy primer was sprayed on the chamber interior.

Motor insulation was installed by Goodyear at the A-DD facility. The aft,
forward and sidewall insulation components were bonded to the 260-8L-2 chamber with
Epon 948 adhesive. The V-groove joints in the forward and aft insulation were seamed
with Cen-Gard V-61 potting insulation. The step joint at the Forward and aft flanges
were machined to final dimensional configuration after insulation components were
bonded in the chamber. The joints in the forward and aft boots were seamed with

Germax-accelerated V-U45 rubber and cured.
B. CHAMBER LINING

Following combletion of insulation installation, the insulation surface
was prepared for lining. The surface was abraded by grit blasting, and then cleaned
by wiping with methyl chlorofornm solvent. Dry air at 160°F was then circulated through
the chamber for 5 days to remove all moisture and volatiles from the insulation surface,
After this period, the surface was again solvent-wiped and given a final 8-hr drying

period with circulating air at 135°F.

Tme insulated chamber was lined with 8D-850-2 liner; the liner was spread
on the insulation surface using trowels having thickness-control gpacer wires. The
liner was then brushed with stiff-bristle brushes, and troweled a second time to remove
any excess material. Finally, the liner was brushed to a smooth surface. Three
L50-1b batches of $D-850-2 liner were used, all of which had satisfactory acceptance
properties, as shown in Figure 19. The net weight of liner applied to the chamber
wag 908 1b, and the aversge installed liner thickness, based on liner weight and
application area, was 33 mils, which lies within the design thickness range of

35 + 10 mils,
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The liner was cured for two days at 80°F, followed by two days at 135°F.
The smbient temperature precure allowed the liner to gel sufficiently to prevent

running or segging during the high temperature cure period.

Liner-to-propellant bond test specimens were prepared from each the
three 8D-850-2 liner batches, using ANB-3105 propellant from 25 of the batches cast
into 260-8L-2; the bond tensile and shear strengths of these specimens average 161
and 121 psi, respectively. The specimens failed randomly in the propellant. The
high bond-strength levels and the type of specimen failure are typical of the
8D-850-2 to ANR-3105 bonding system, and indicated that the 260-8L-2 liner preparation

and application were satisfactory.
C. PROPELLANT PROCESSING AND MOTOR CASTING

The insulated and lined chamber was removed from the General Process
Building and installed in the Cagt, Cure, and Test Facility. The casting core, which
had previously been assembled and coated with the release agent, was then installed
in the chamber. The movable casting building was positioned over the cailsson, and the
chamber and core were preheated to the casting temperature of 135°F with dry circulating
air. After prehesting, the propellant casting tooling was assembled. The casting

setup i1s shown in Figure 20.

As a result of the technical data and experience obtained during the
casting of motor 260-3L-1, several modifications to the propellant casting technique
were made. A Propellant Pot Processing Building was constructed adjacent to the
movable Casting Building. The full propellant transfer pots were roated through this
building and processed for casting, including the installation of the diaphragm and
the pressure head., The transfer pots were then moved to the Casting Bulilding and

positioned for casting.

The adjustable casting stends used for casting motor 260-8L-1 were replaced

by & transfer-pot rail system, which consists of a rigid platform constructed over the
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caiszon with a set of guide rails to transport and position each transfer pot over the
respective casting tube. The bagic casting-tube system procedures were not charnged,
with the exception of the allowable casting-tube immersion depth. During the first
half of the casting, the maximum allowable casting-tube immersion depth was 8 ft;

this depth was reduced to 4 ft for the remainder of the casting. The shallower
immersion depth was selected to further improve the propellant-to-liner bond.
Modifications were made in the casting-tube withdrawal, cleaning, and cutting opers-

tions, which substantially reduced the operational times for these procedures.

Caating of motor 2A0-8L-2 wag initiated on 29 November and completed on
9 December. A total of 1,677,837 lb of ANB-3105 propellant was cast into the motor.
A total of 276 pots of propellant was produced, consisting of 193 pots of vertical
batch mixed propellant (5500 1lb each) and 83 continuous mixed pots (8500 1b each).
Five vertical batches and one continuous‘mix pot were scrapped. Two vertical mixed
batches failed to meet the density specification, two batches exhibited small oxidizer
agglomerstes, and one batch was scrapped because of equipment malfunction. The

continuous mixed pot was secrapped for burning rate deviation.

A total of 47 12,000-1b batches of premix were prepared, of which one
batch was scrapped because of dispensing errors. All other batches were well within

specification limits (Figure 21).

The uncared-propellant qualification data (Figures 22 through 25)
indicate that good reproducibility of propellant properties was obtained and that the
mesn values were very close to theoretical and target requirements. For purposes
of comparison, the uncured-propellant gqualification data from motor 260-SL-1 are

also prezented in these figures.
The ligquid strand burning rates (Figure 22) showed no statistical

difference tetwesn the two motors, with overall average rates (continuous plus batch

mixed propellsnt) of 0.44l45 and 0.4439 in./sec for motors 260-8L-1 and -2, respectively.
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The continuous mixed propellant appeared to be more variable for motor 260-8L-2,
exhibiting a sample-to-sample standard deviation of 0.0124 in./sec g5 compared to a
value of 0.0092 in./sec for motor 260-SL-1.

The liquid density for the propellant cast into the two motors is very
close to the theoretical values, as shown in Figure 23. Because of the higher curing
agent concentration required for motor 260-SL-2, the theoretical density is higher
(1.751 vs 1.752 gm/ce). All pot-to-pot and sample-to-sample standard deviations are
approximately 0.002 gm/cc.

The averaged measured DER-332 curing agent content (Figure 2l) agreed
with the theoretical values to within 0.7% for both processes. The standard devia-
tions for the results appear to be higher for motor 260-8L-2 than for the motor
260~5L-1 propellant.

The measured wtf oxidizer (continuous mixed propellant only) was almost
identical for the two motors with respect to both mean values and standard deviations
(Figure 25).

Upon completion of casting, the casting rails and associated equipment
were removed, and the motor was sealed. Warm air was ecirculated around the chamber

to meintain the grain temperature at 135°F during the propellant cure period.
D. POSTCAST OPERATIONS

Samples of propellant from every sixth batch cast into motor 260-SL-2
were tested for mechanical properties; testing was initiated after 16 days of cure
at 135°F, The data, shown in Figure 26, indicate that propellant cure stabilizes
after about 28 to 32 days of cure. On the basis of these data, together with
Shore "A" hardness measurements made on samples from all batches, cure was considered

to be complete after the last batch cast had cured for 28 days. Motor cool-down was
initiated on 6 January 1966.
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Samples from each of the batches of propellant cast into motor 260-SL-2
were tested for mechanical properties at the start of motor cool-down (28 to 38 days
of cure at 135°F). The data (Figure 27) indicate an overall average initial modulus
of 453 psi, which is well within the target range of 400 to 600 psi.

Additional samples from every sixth pot were tested to determine the
propellant constant strain tolerance. The data, shown in Figure 28, indicate that
samples from all batches withstood 15% strain for one week at 77°F, and nearly 954,
of the samples held when tested at the maximum strain level of 20%. These results
indicate that the 260-SL-2 propellant constant strain tolerance is greater than that
méasured for the 260-SL-1 propellant,

The grain was cooled from the 135°F cure temperature to the desired
operating range of 60 to 100°F by circulating 62°F air outside the chamber and inside
the casting core. Heat-transfer calculations showed that i1l days of coeling would
produce a temperature distribution in the 260-8L-2 grain which would stabilize at
sbout 80°F after an additional four-week period of ambient temperature exposure during

final assembly operations. Cooling was therefore terminated on 20 January 1966.

The core wss removed from the grain on 21 January 1966; the net extrac-
tion force ai core breakaway was 46,000 1b. Visual inspection of the grain bore
surface showad that several small veids and blemishes were present; however, the
aurface appearance was gatigfactory, with no evidence of structural deficiency.

Figure 29 shows the grain bore after core removal.

Radial measurements of the propellant-grzin bore were taken after core
removal fto determine the grain deformaticon resulting from thermsl shrinkage and slump.
Meagurements were obtained just after core removal, and again 7 days and 15 days
later. The measured radial deformations for 260-SL-2 as shown in Figure 30, agree
well with analytical predictions and are similar to those obtained on 260-SL-1. The
260-8L-2 grain bore profile showed more shrinksge effects at 7 and 15 days than that
obierved in the 260-3L-1 grain, This was apparently a result of the lower average

grain temperature existing in 260-SL-2 as a result of low ambient temperature exposure.

Page 29



Report NASA CR-54982

IV, D, Postcast Operations {cont.)

After core removal, the aft surface of the grain was trimmed to the

required dimensions. The final net propellant weight was 1,673,000 1b.

Prior to nozzle installation, the gap between the aft boot and the aft
chamber insulation was filled with ambient curing polysulphide rubber potting
compound (FMC-200). A total of 6,488 1b of material wes required to fill the gap.
Cure samples, taken from each 55-gal drum of potting compound after mixing showed that

all the material cured to the required physical properties.
E. MOTOR FINAL ASSEMBLY

1. Nozzle and Exit Cone Receiving

After the nozzle and exit cone sssemblies arrived at A-DD from TRW,
Cleveland, Ohio, a visual inspection was made of both interior and exterior surfaces
of the components. No damage during shipment was noted. Inside contour measurements

of both the nozzle and exit cone were obtained at six equiangularly spaced locations.

Ultrasonic inspectibn was performed on the interior surfaces of
both the nozzle and exit cone to check for structural demage to plastic components
during shipment. Ultrasonic inspection of the nozzle-shell exterior surface was
performed to determine whether the integrity of bonds between the nozzle shell and
plastic inserts had been impaired by shipment. Results obtained indicated that no

significant changes had occurred during shipment.

A dimensional check disclosed that local areas of the aft face of
the throat extension plastic insert extended from 0.001 to 0.010 in. above the af't

face of the nozzle shell flange. These areas were reworked to drawing tolerance by
handsanding.

Visual inspection of the nozzle assembly revealed minor variations

from drawing requirements as described below.
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a, Primer had been applied on the machined nozzle-exit cone flange
OD and on the spotfasce and counterbore of the flange holes. The material was removed

by wire brushing prior to assembly.

b, Voids existed in the PR-1913 potting material at the interface
between the nozzle entrance insert and the throat insert, These voids were fiiled
with silicone rubber PR-1913-24 potting material.

c. Voids were apparent in the bonding of the throat extension
insert to the steel shell at the nozzle-exit cone flange. These voids were filled

with Epon 828 epoxy resin.
After inspection of the exit cone was completed, an additional
Pli_in. zection of cork insulation was applied to the exit cone external surface, just

forward of, and adjacent to, the existing cork layers.

2. Nozzle and Forward Cap Installation

The nozzle was fiﬂted with the leak test closure and weighed with
two 20,000-1bf load cells. The actual weight of the nozzle assembly was 26,126 1b.
To check the gap between the insulation joint during trial assembly, strips of putty
enclosed in cellophane were placed around the perimeter of the joint. The nozzle was
then lowered into position, leveled, and placed on the chamber flange. Inspection
disclosed that the gap between the rubber insulation faces was sufficient to ensure

that the potting compound would fill and provide a seal at all step joint surfaces.

. The nozzle was then removed from the chamber and PR-1913 siliccone-
rubber potting compound was applied to the mating surfaces of the chamber-insulation
step joint to the approximate thicknesses measured during trial assembly. The O-ring
wus positioned in the groove and lubricant applied. The nozzle was lowered onto the
guiding tapered pins, leveled, and lowered into position. MIL-T-5544 thread lubrica-
tion was applied to the threads and under the heads of all bolts prior to hand-tight
installation. One bolt at the 1lh-degree location could not be installed due to a
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mismatched hole. No explanation for this problem has been established. Three bolts
in each quadrant were then torqued to 250 ft-lb: reinspection disclosed no measurable
gap between the two mating flanges. The specified maximum torque of 800 ft-lb was

then applied to all remaining bolts.
The forward cap was installed on the motor, using procedures for
measurement of insulation step joint clearance similar to those described for nozzle

installation. Tae 15 bolts retaining the cap were torgued to 90 ft-1b,

3. Motor Leak Test

Pressure transducers were assembled to the forward cap and secured
for the leak test. A 12-hr elapsed time was required for cure of the PR-1913 joint

sealant prior to conducting the leak test.

The motor interior was initially pressurized to 45 psig with dry
nitrogen and then increased -to 50 psig with helium. A helium legk-detection system
was used to check for leakage a% the aft-closure nozzle-atbachment flange, the
forward cap-to-chamber interface, and at each pressure seal on the three transducers.

No leaksge was detected.

After leak testing was completed, the misalignment bolt hole in the

nozzle shell was enlarged sufficiently to permit installation of the final bolt.

L, Exit Cone Installation

The leak-test cover was removed and the surface of the nozzle shell
flange was prepared for a trial assembly of the exit cone. BStep-joint gap determina-
tions, again using putty, indicated an insufficient gap. The forward end face of the
exit cone plastic liner was subsequently ground and handsanded until the final gap
wag within drawing tolerance. The surfaces were cleaned and the O-ring lubricated and

placed in the groove in the nozzle shell. PR-1913 silicone-rubber potting compound

Page 32



Report NASA CR-54982

IV, B, Motor Final Assembly (cont.)

was applied to all mating surfaces of the nozzle and exit cone liner prior to final
assembly of the two components. The exit cone was then lowered into position and

retgined with 176 nuts and bolts torqued to 250 ft-1b.
Gen-Gard V-61 rubber compound was prepared and troweled onto the end

and outer diameter of the exit cone aft flange to provide radiant heat insulation for

the flange. The nozzle weather cover was then installed.
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V. TESTING
A. TEST FLAN

The test firing of 260-8L-2 was conducted in accordance with Project
Directive 3%. The test requirements were essentially the same as were specified for
the 260-8L-1 static test firing.

Motor positioning in the Cast, Cure, and Test Facility is controlled by
ingtallation of the thrust takeout assembly. This operation was the first item of
the test plan to be performed and was accomplished prior to installation of the
chamber in the Cast, Cure and Test Facility. The forward skirt of the motor rests on
a thrust takeout ring which is supported by three 5,000,000-1b capacity load cells
during the firing and by three hydraulic jacks during motor processing operations.
Thiz ring was installed with the aid of optical alignment instruments to within
0.050 in. of a true level plane and 0.50 in. of the true axial center line of the
thrust takeout assembly. This precise base-ring alignment assures that the maximum
misalignment of the motor thrust axis, when combined with the maximum buildup of
chamber and nozzle fabrication tolerances, will not exceed 0.20 degree. Flgure 31

shows the motor installation in the test facility.

Instrumentation to measure motor thrust, chamber pressure, acceleration,
temperatures, strain, and chamber growth were installed in accordance with the require-
ments of Project Directive 3%, This instrumentation plan is presented in the appendix.
Data defining the operation of the ignition and quench systems and the envircnmental
effectz of the firing on adjacent tooling and facilities were also recorded. WNine

motion picture cameras documented the test firing, as shown in Figure 32.

Datacraft Inc., Gardena, California, under a separate contract to NASA,
Marshall Space Flight Center, recorded sound pressure level, motor acceleration, and

exhaugt infrared-radiation data.

The ignition of the motor 260-SL-2 was initiated by a firing command to

the safety-arming device on the Mod 260 ignition motor. When the 260-SL-2 grain
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ignited and the fore-end pressure reached a preset level of 125 psia, & command
was given by either of the two ignition motor release control-units to fire the 28
explosive bolts securing the ignition motor and sled assembly to the supporting
fixtures. A secondary timing system in each control unit would fire the bolts at

approximately 0.500 sec in the event of a failure in the pressure-sensing gystem.

When the ignition motor and sled assembly traveled 26.8 ft to the top

of the track, a breakwire was fractured. This event initiated tower retraction.

A carbon-dioxide quench system was used for extinguishing the post-
firing burning of insulation. components in the chamber interior. The guench
gsystem was programmed for actuation as the chamber pressure approached O psig. The
water-fog nozzle quench system used on the 260-8L,-1 test was not specified for use
on this test in an effort to prevent the cracking or delamination of the plastic
inserts encountered in the previous test. Approximately 12,000 lb of lignid 002

were introduced into the chamber interior at a pressure of 300 psig.

Following the test, all recorded data were returned to S8olid Rocket
Operations, Sacramento, for reduction and anslysis. Posttest evaluation of chamber
insulation and nozzle liner component performance was accomplished in accordance

with Project Directive 31,
B. SPECIAL TEST EQUIFMENT

The major items of special test equipment required for the static test
firing of the 260-81, motors are shown in Figures 33 through 36, Tane design criteria,
component description, and function of each system was discussed in detail in
Reference 1. A listing of these items, with a brief description of the major function

of each tool or subsystem, is presented below.
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1. Thrust Measurement System

8. Spacer: Reduces the effective depth of the caisson to that
required for the 260-SL motors.

b. L.oad Cells: Three 5,000,000-1bf load cells measure the thrust

generated by the rocket motor.

c. Thrust Transfer Ring: Supports the motor at the forward skirt
and transmits the thrust to the load cells.

d. Horizontal Stabilizers: Restrict transverse movement of the

motor, while allowing axial freedom of movement.

e, Hydraulic Jacks: Support motor weight during all processing

and test preparation operations.

2. Flighﬁ Retention System

a. Torodial Collar: Surrounds the nozzle, preventing aft movement

of the motor in the event of a malfunction.

b. Tension Rods: Connect collar to snchors in caisson wall and

act as the primary load-carrying members.

c. Beams: Support collar assembly, quench, and ignition-motor

retention and release systems.

3. Quench System

Directs 002 to the chamber interior for extinguishing posttest

burning and charring of insulation components.
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4. Ignition Motor Retention-and-Release System

This system secures the ignition motor in the required position in
the 260-8L nozzle until 260-8L motor ignition is assured, and then provides the con-
trolled release and direction of the ignition motor and sled assembly to a pre-

determined impact area.

Severa]l modifications were made in various components of this system
after the static test of motor 260-SL-1. These modifications were designed to
increase the eastward impulse of the igniter motor-and-sled assembly imparted by the

retention cables. These changes were:

a. The top 15.2 ft of the tower was removed to allow shortening

of the retention cables and supporting poles, thus reducing cable acceleration loads.
b. The cable length was reduced from 326.5 to 305 ft.

c.‘ The near-pole length was shortened from 82.5 to 55.% ft; the
far-pole length was reduced from 46.5 to 18.9 fi.

d. A fairing was installed on the primary gas impingement areas
of the sled assembly to reduce the drag load and, consequently, the upward velocity.
This increases the time the cable force is applied to the unit, thereby increasing

the eagtward impulse.

5. Data Acquisition System

The data acquisition system at the A-DD test facilities has been
designed to incorporate the features that have been installed and utilized successfully
in the facilities at Aerojet, Sacramento. The capability of the system was designed

to meet the criteria established in the Work Statement and is summarized in Figure 37.
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All datae processing, instrumentation equipment calibration, and repair are accomplished
at Aerojet, Sacramento. The system 1s capable of (but not limited to) measuring force,
pressure, strain, temperature, accelerestion, event occurrences, and photographic

recordings. ‘The instrumentation system is described in detail in Reference 1.

6. Control System

An electric supply, distribution, and monitoring system is installed
to perform such functions as igniter arming eand firing explosive-bolt initiation,
tower retraction, and guench system operation. The primary source of power ig a

28-vdec motor generator unit. Aschematic of the system logic is shown in Figure 38.
c. INSTRUMENTATTION

To thoroughly define the ballistic performance and physical response of
the 260-8L-2 motor and ignition system during the static test firing, 91 channels of

data were recorded. These are summarized as follows;

Parameter No. of Channels

Chamber pressure:
260-8L-2 3
Ignition Motor . 2
Thrust 6
Chamber and nozzle temperature 3k
Vibration and shock 12
Chamber and nozzle gtrain - 15
Chamber growth 2
Event sequence 17
91
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A listing of the instruments used to measure and record these data is
shown in Figure 39. The location of each sensing gage on the motor is defined by

Figure L40.

‘ An additional 23 channels of data were recorded to define the operation
of various STE components and the environment created by the 260-SL motor firing on
adjacent facilitieg and equipment. Figure 41 shows the location of thege instruments

Or SEnsors.
D, TEST IREPARATIONS

Test preparation began with the installation of the thrust measurement
system at the -59-ft platform of the Cast, Cure, and Test Facility. The final inspec-
tion of the thrust-ring alignment showed a méximum deviation at any location on the
top face of 0.031 in. from a true level plane and that the center was displaced
0.25 in. southeast of the longitudinal center line of the spacer agsenbly. These

deviations are well within the tolerances specified.

When the chamber was installed on the thrust ring, and with the ring
being supported by the three cells, a maximum out-of-level condition of ©.188 in.

wag messured on the nozzle attachment flange.

Prior to nozzle assembly, the nozzle and exit cone were instrumented with
thermocouples, strain gages, and accelerometers. The three aft horizontal stabilizers

were installed; this operation completed the thrust takeout-system assembly.

After installation of the nozzle on the motor, the antiflight retention
gystem was installed. Three Taber Model 206 pressure transducers were connected to
the forward cap after its assembly on the forward boss flange. All pressure fittings

were torgued to prescribed values and marked with torque paint.
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The guench system wes positioned and functionally checked out after exit

cone installation. Operation of all components of the system was normal.

‘The igniter motor was essembled and leak tested prior to installation on
the sled assembly. The safety and arming device and Mod 260 ignition motor booster
were installed on ignition motor 260-IM-07. Two pressure transducers were mounted
on the booster adapter. A leak-detection solution was used to indicate any leskage
at the motor or transducer pressure seals with the igniter interior pressurized to

35 psig with dry nitrogen. No leaks were detected.

Concurrently with the mechanical test preparations, the installation of
the various instrumentation sensors on the motor and the setup of the recording

equipment in the control room was being accomplished.
The igniter motor and sled assembly was secured to the support fixtures

with 28 explosive bolts, and attachment of the four retention cables was accomplished.

The completed setup for the .260-SL-2 motor static test is shown in Figure L2,
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VI. TEST RESULTS

A. DATA FROCESSING

The magnetic tape recording of analog pressure and thrust data, recorded
on the Ampex FR1200 tape recorder, was replayed through a voltage sampling system
and recorded on magnetic tape in a digital format. The digitized tape served as the
input, via an appropriate extending program, to the CDC 3100 computer which provided
a tabulation in engineering units of pressure and thrust (uncorrected for propellant
welght loss) and an input tape for the IBM 7094 computer analysis. This data was

reviewed for validity prior to final processing on the IBM 709k .

The computer input tape recording of digital performance data, along
with btallistic constants (propellant weight, pretest and posttest throat area,
atmospheric pressure, etc.), was programed into an IBM 7094 computer. The output
of this program provided instantanecus values of pressure and thrust (corrected for
propellant weight loss), integration of pressure and thrust, delivered specific
impulse, specific impulse at stendard conditions, and a computed throat area vs tine

at two efficiency levels.

Determination of ignition interval, web action time, action time, and
all sequential event data was made from oscillographic recordings. All other data
recorded on oscillographs, i.e., motor temperatures and strains, were reduced by
manual measurements of analog deflections and application of factors obtained from
calibration records, with manual tabulation or graphical plotting of resulting data.
Vibration data originally recorded on magnetic tape were played back on an oscillo-
graph at a 50-in./sec chart speed and then manually reduced in the same manner as

indicated for data originally recorded on oscillographs.
B. DATA ANALYSIS
Of the 114 channels of recorded data specified by the instrumentation

plan, all channels were operable at the start of the test, and valid readout of 108

channels was obtained. 4 sequential time-event summary of the firing, including all
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VI, B, Data Analysis (cont.)
recorded event functions, is presented in Figure 43, Motion picture coverage pro-
duced excellent documentation of events and verified the absence of abnormal per-

formance. An evaluation of each major category of recorded data is listed below.

1. Chamber Pressure

Valid recordings of the three installed chamber pressure transducers
were obtained for the entire firing duration, with variation of l% or less between
values from each transducer. No abrupt or unusual perturbations in pressure traces

and no indication of ogcillations of pressure occurred.

Instantaneoug pressure values were obtained by averaging tabulated
digital values of Pcl and P02 readouts obtained after reduction of data, and then
adding ambient pressure. The Pcl and Pc2 readouts generally did not differ by
greater than 4 psi and the respective P dt integrals differed by approximately 0.9%.
The most accurate instanteneous values of chember pressure were thus obtained by

using the average of the two readouts.
2. Thrust

Six thrust readouts, obtalned from two redundant sensing elements
in each of three installed load cells, were the values of thrust ve time used for
ballistic analysis. Instantaneous thrust values were obtained by summation of all
six tabulated digital values of thrust readouts recorded after reduction of data,
by dividing this summation by 2, and by subtracting the calculated instantaneous
value of motor weight. Calculated weight at each time point was obtained by sub-

tracting the weight of propellant expended at that time from the original measured
motor weight.

The weight loss in firing measured by the loed cells varied less
than 1% from the calculated weight of propellant and inert materials expended. The
distribution of force applied to the three load cells was within + 14 of the mean

value during the firing duration.
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3. Acceleration

Motor 260-8L-2 instrumented with crystal accelerometers to determire
the vibration environment produced by the motor and to detect any abnormal behavior
of the motor or compcnents. The data were recorded on magnetic tape during the firing

and played back on oscillographs for data analysis.

The vibration response of motor P60-8L-2 was zlmost identical to that
of 260-8L-1. The maximim vibration response occurred during the ignition interval
and, only very low level oscillations were observed during the steady-state operation.
No significant increase in vikration response was observed during the tailoff period.
Thers were no observable trangients or pertubations during the entire firing. The
maximum vibration responses and associated frequencies recorded during the firing

are lizted in Figure b

4, (Case and Nozzle Temperatures

Thirty-two of the 34 thermocouples on the motor recorded surface
temperatures until 350 sec after fire awitch. The other two thermocouples (TSl and
T33) monitored the ambient air temperature adjacent to the exit cone skin. Thermo-
couples on the motor skin were insulated from the effects of the ambient alr tempera-

ture.

The primary objectives of thermocouple placement were to verify the
adequacy of the chamber and nozzle insulation by monitoring the temperature at those
areag expected to receive the greatest thermal inputs and to aid in determination of
the source of any component mulfunction. The instrumentation plan in the appendix

gives the locztion and selection criteria for each temperature measurement.

The recorded data demonstirate that the outer surface temperatures
bvarely exceaded the smbient level during the 350-gec recording period. Temperature
meggsurements made at locations identical to the 260-38L-1 test show excellent

correlation.
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The highest temperature recorded on the surface of the chamber was
147°F. This occurred at a mid-chamber location (T6) where maximum exposure of the
eylinder wall insulation to hot gas was expected. Temperature at this location was
sfill slowly rising at the end of the 350-sec recording time. The other thermo-
couples on the cylindrical section of the chamber sensed temperature increases of
30 to 65°F during this period.

There was no measured temperature increase on the forward and aft
heads, although it is recognized that meximum temperatures were reached some hours
after the firing. The forward head could be touched three hours after the test,
but sustained pressure by the hand was impossible, indicative of a temperature
somewhat less than 200°F.

There was ne significant temperature rise at any location on the
nozzle shell. A maximum increase of 10°F recorded opposite the throat insert forward

joint was a result of external heating.

Exit-cone gkin temperatures increased up to 30°F and were still
slowly rising at the end of the data recording period. Low-pressure flame, which
billowed around the exit cone during tailoff, accounted for this temperature rise.
The ambient air temperature adjacent to the exit cone surface, T2 in. forward of the
exit plane, increased 64°F to a maximum of 132°F. A temperature of 137°F was

reached 10 in. forward of the exit plane.

5. Chamber and Nozzle Strain

A limited amount of strain data were obtained since stress dis-
tribution in the chamber and nozzle shell was analyzed at the higher loading conditions

existing during the hydrostatic test.
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Three locations were instrumented in the hoop and meridional axes
at the locations which were the highest stressed during the hydrostatic test and were
the result of fabrication deviations. The primary purpose of these gages was to
detect any evidence of yielding or excessive stress in the event of any overpressur-

ization during the test.

The recorded data from these locations reflect the smooth pressure-
vs-time curve. The calculated membrane hoop stress (127,000 psi) at the location of
prime concern on the chamber (S-3, S-U--porosity in the weld) based on measured strain.
dats,* sgree very well with the theoretical stress of ¥, = %E (125,000 psi). A plot
of strain vs pregsure iz shown in Flgure 45 for this area, along with a comparison plot
of strain data recorded during the hydrostatic test. Good correlation is shown between
the two sets of data, with the small differences being due to data-system accuracies

and the grain lead-carrying ability.

Strain data recorded from biaxial gages (8-5, §-6, 8-7, and 5-8)
adjacent to the weld between the Fforward boss flange and the dollar plate at the
point of maximum digcontinuity correlate very well with values obtained during

hydrostatic test. This relationship is shown below.

260-8L-2 Static Test " 260-SL-2 Hydrostatic Test
g, = higo0 microin./in. sli = L4700 microin./in.
g, = 2500 microin./in. e = 2580 microin./in.

The relatively high meridionsl stress (195,000 psi) calculated from the biaxial
strain data reflects the bending stfesses from the contour deviation between the
dollar plate and the forward flange forging. The pressure strain plots for gage
locations -5, 5-6, S-7, and $-8 are nonlinear (Figures L6 and L7), and reflect
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the local change of radius from a flatter surface to a generally spherical shape as
the pressure incremses. Interior strain measurements taken at this area during
hydrostatic proof test show that bending accounts for approximately 56,000 psi of the
total stress, leaving 139,000 psi as the true net tensile stress, which is well below

the minimum yield strength of the materiel.

A meximum hoop strain of 1675 microin./in. wag recorded at location

- 8-2 on the nozzle shell, which corresponds to the location of maximum stress on the
plastic entrance section insert. A strain of 2,200 microin./in. was measured at this
location in the hydrostatic test of the 260-SL-2 chamber assembly, which suggests

that 20 to 25% of the loading from pressurization may be carried by the plastic insert.
The messured strain compares well with the 1860 microin./in. messured at this location
on the 260-8SL-1 static test.

Four uniaxial strain gages were installed on the aft flange of the
exit cone in the hoop direction at the 0-, 90-, 180-, and 270-degree orientations.
The purpose of these gages was to determine the amount, if any, of nonsymmetrical
loading of the exit cone as a result of igniter-motor misalignment or to abnormal
removal of the igniter from the motor nozzle. At 0.27 sec, a peak of =153 microin./in.
was recorded at the O-degree position, and 132 and 209 microin./in. at the 90- and
270-degree positions, respectively. This corresponds to a decrease in radius of less
than 0.175 in at the O-degree position and an increase of a like amount at the GO-
and 270-degree positions. Data from the strain gage at the 180-degree station was
lost at ignition. This ellipsoidal deformation of the exit plane was of a transient
nature, and the magnitude of the resulting stress is well within allowable values.
An uneven distribution of pressure in the exit cone, due to the unsymmetrical reflective

configuration of the igniter support assembly, is believed to be the cause of this

deformation.
Three uniaxial strain gages (8-15, $-16, and $5-17) were oriented

in the meridionsl axis of the forward skirt, spaced 120-degrees apart and above the

three load cells. The primary purpose of these gages was to detect any unsymmetrical
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thrust transfer to the load cells or abnormal loading of the skirt due to motor

misalignment or nozzle failure. A plot of the cutput of these three gages (Figure 48)
shows excellent symmetry of load distribution in the skirt.

6.  Chamber Growth

Data to determine circumferential and axial chamber growth at the
center of the cylindrical section (8-13 and 5-14) were lost at ignition due to

polarity reversal which caused the traces to go off of the oscillograph record.
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C. IGNITION SYSTEM PERFORMANCE

Aft-end ignition of motor 260-81-2 was accomplished as designed; the
performance further verified the Aerojet aft-end ignition analytical model, the
design criteria, and the conclusions reached during the 260-8L motor ignition
system development program, which are described in detail in Reference (2). The
260-81-2 motor ignition transient is presented in Figure 49, and includes the
significant ignition sequence events; the 260-8L-1 motor ignition transient is also
included in Figure 49 for comparison. A summary of the ignition sequence for both

260-SL motors is shown in Figure 56.

The aft-end ignition performance achieved in the 260-in.-dia motor
demonstration program verified the design approach. The ignition intervals for
the three 44-S8 motors test-fired were 0.165, 0.160, and 0.162 sec; the ignition
intervals for the two 260-SL motors were 0.34C and 0.336 sec. The primary require-
ment of the 260-SL motor ignition system development effort, as specified in the
original Work Statement, was to demonstrate ignition performance reproducibility
in large solid-propellant motors. The excellent motor ignition performance repro-
ducibility schieved in this program (Figures 49 and 50) clearly fulfilled the Werk

Statement requirement.

As shown in Figure 49, first motor propellant ignition occurred be-
tween 0.17 and 0.18 sec after fire switch. The final relay closure to the explosive
bolt capacitor bank was recorded at 0.289 sec; approximately 3 to 5 millisec later
(approximately 0.304 sec), the explosive bolts fired. The ignition motor and support
fixture assembly ascended the shortened channel track and the upper wheels on the

support fixture reached the top of the tower at 0.546 sec, actuating the tower
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retraction-command breakwire. First motion of the tower retraction linkage wasg
recorded at 0.570 sec. Once again, the retention cables failed as the cable loop
between the forward and aft poles was being accelerated. However, the cables
imparted sufficient horizontal impulse to the vehicle to direct its trajectory in
an easterly direction. The ejected ignition motor and support fixture assembly
impacted approximately 150 ft due east of the target canal. The tower was fully
retracted L.8 sec after fire switch. The ignition motor and support fixture were

destroyed on impact (Figure 51).

The performance of ignition motor 260-IM-07 met the design requirements;
the flame propagation time, ignition interval, and mass flow rate were within the
desired range. The ignition motor ballistic data are summarized in Figure 523
included in Figure 52 are ballistic datz from 260-SL boosters and ignition motor

previously test fired.

The flow conditions that existed in the motor nozzle during ignition of
motor 260-SL-1 and 260-81-2 were similar to the conditions described for the free-
volume simulator tests, Reference (2), except that igniter inlet jet plume blockage
of the motor throat terminated as the motor bore pressure approached 300 psia. The
initial rate of pressure rise in the 260-8L motors was approximately 2700 psi/sec.
Approximately 0.3 sec after fire switch and coincident with first motion of the
ignition motor, the rate of pressure rise leveled off to a value between 450 and
550 psi/sec (Figure 49); this value was the pressure rise rate that would be
axpected in the EGO-SL motors between 350 and 550 psia, assuming that all the
propellant surface was ignited and the igniter jet stream was not affecting flow

in the motor nozzle.
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The igniter jet plume exhausted into an adverse pressure gradient
environment, i.e., atmospheric pressure at the exit plane and more than twice
atmospheric pressure at the 260-8L effective throat plane. The initial flow
expansion angle at the igniter exit plane was relatively large and the plume
tended to reduce in size as the envirommental pressure increased. The result
was a Flow picture as schematically depicted in Figure 53. The exhaust plume
was substantially larger than would be predicted from one-dimensional analysis
(Reference 2) because the flow was actually three-dimensional and an adverse
pressure gradient existed. A check was made of the flow conditicns measured
during igniter operation prior to motor propellant ignition, assuming that the
actual igniter jet plume occupied 30% of the motor throat area and that the effect
of over-expansion from the pressure gradient was approximately 15% of the motor
throat area (essentially L5% motor throat blockage). Under these conditions, the
calculated motor bore pressure was 65 psia; the measured bore pressures prior to
propellant ignition were 62 and 66 psia. The close correlation between the cal-
culated and measured motor bore pressure prior to propellant igniticn verified
this method of flow analysis. This flow condition was maintained until motor

propellant ignition was accomplished.

The various slopes of the measured motor bore ?ressure rise were
readily snalyzed. The rate of motor pressure rise at ignition was approximated

by differentiating the eguation of state for ideal gas:

aP

2 = RT 4w
dt VlM dt
where P2 = motor bore pressure, psia
R = gas constant, inrlb/mole-oR (18,528)
T = chamber temperature, R {~6000)
Vv, = motor free-volume, ind. (8.5 x 106)
M = propellant gas moleculsr weight, 1b/lb-mole (28.1)
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where wprop is given as a function of pressure from the burning
rate equation, density, and burning surface area.
L1

s = J—l- .

Wprop gug P2

ﬁe = mass-flow rate of the exit gas stream, CWP2Ae

Ae = area of motor throat occupied by the motor exit

gas stream, ineu
Wy = igniter mass flow rate, 1b/sec

The slope of the 260-SL motor pressure rise was calculated at 200, 300, and 350 psiaj
the results were as follows:

Calculated Rate of Motor Pressure

Bore Pressure, Po, psia Rise, psi/sec
200 _ 2480
300 2170
350 ‘ _ 1330

In Figure 54, the calculated slopes were superimposed on the measured 260-ST

motor pressure rise curve. An excellent correlation was obtained, except for the
condition at 350 psia; the solution to the eguation cbviously did not represent

the true flow conditions at this pressure level. The measured rate of pressure

rige at 350 psia was approximately 750 psi/sec; the calculated effective motor throat
ares neceasary to obtain this rate of pressure rise was approximatey 3960 sq in., or
the full 260-SL motor throat area. Extending the analysis to 400 psia, the calculated
rate of pressure rise was 460 psi; these values were in close agreement with both

the messured and predicted motor pressure rise rates (500 psi/sec average between

300 and 500 peia).
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This analysis showed that the measured pressure rise characteristics
were entirely reasonable. The "knee" in the ignition transient curve was difficult
to predict in advance, for it was indicative 6f the effact of the bow shock between
the inlet jet plume and the exit gas stream forming downstream of the 260-8L motor
throat plane. Because the bow shock formed aft of the motor throat plane before
the igniter moved an appreciabie distance away from the motor nozzle after explosive
bolt actuation, pressurization of the 260-SL motor bore was independent of igniter

ejection.
D, BATLLISTIC PERFORMANCE ANALYSIS
1. General

The ballistic performance characteristics of motor 260-8L-2
were in close agreement with those predicted and all design objectives were met.
A summary of predicted'and actual performance characteristics is presented in
Figure 55. The measured 260-8L-2 chamber pressure- and thrust-vs-time curves

are shown in Figure 56.

2. Prefiring Performance Prediction

The predicted 260-8L-2 ballistic performance, shown in Figures 55
and 57, was computed with a modified version of Interior Ballistic Computer Program
No. 1103, Reference 3. The program calculates propellant burning peripheries based
on initial grain geometry and chamber dimensions, Then a step-wise calculation of
pressure, burning rates, mass addition, gas velocities, and thrust is carred out
for the entire motor duration. The program input for the 260-SL-2 motor prediction
included the demonstrated propellant ballistic properties, measured propellant
weight, calculated grain temperature, predicted nozzle throat ablation rates, and

empirical adjustments based on motor 260-8L-1 performance.
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A mass flow coefficient of 0.00629 sec-l was used, representing
a propellant specific impulse of 24k4.5 1bf-sec/lbm at standard conditions.* The
propellant specific impulse was accurately characterized in 10KS-2500 size motor

firings and was substantiated by the bL-SS motor firings.

Nozzle throat area change was based on the surface recession

rates determined for motor 2£0-81-1.

No correction was made for changes in grain geometry due to
thermal shrinkage or imperfections in the propellant, since the effects were
considered to be negligible. The calculation of performance was based on the
as-cast configuration, using the liquid density of the propellant at the initial
cure temperature, which was approximately 140°F. A final empirical correction iu
density was made to adjust for the measured propellant weight, which was computed

from pre- and postcast chamber weights.

An allowance for the temperature gradient in the grain was made
by adjusting the burning rate as a function of burning time. The grain temperature
gradient, shown in Figure 58, was calculated from the grain envirommental tempera-
tures during cure, cooldown, and final assembly. Because of low ambient air
temperatures during final assembly of motor 260-8L-2, the calculated average grain

temperature was about 8°F lower than that of motor 260-SL-1.

The predicted propellant burning rate for motor 260-81-2 was based
on 3KS-500 size batch-test motor burning rates, which had an average propellant
burning rate of 0. 43l in./sec at 600 psia. A 6% scale-up factor, as occurred in
the 260-21-1 motor firing, was applied to the batch-test motor rate, resulting in
a predicted basic propellant burning rate for motor 260-SL-2 of 0.460 in./sec at

600 psia. As in the 260-8L-1 motor performance prediction, the burning rate was

#1000 psia chamber pressure exhausting to an ambient pressure of 14,7 psia through
a 15-degree half-angle nozzle of optimum expansion ratio.
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adjusted radially, based on an empirical correlation developed from the ballistic
performance of the LL-S§ and 120-38-1 motors. However, the adjustment used in the
060-81-2 prediction was revised on the basis of the actual 260-81L-1 motor perfor-
mance. The revised burning rate correction-vs-percent of web action time character-
istic is shown in Figure 59. In addition, an axial burning rate adjustment, shown
in Figure 60, was applied to gimulate the effect of batch-to-batch burning rate

variation on the shape of the curve during tailoff.

3. Actual Performance

The pressure-vs-time performance of motor 260-SL-2 closely
matches the predicted curve, as shown in Figure 57. The small difference between
actual and predicted pressure early in the firing is probably due fo a lower-
than-expected grain surface temperature. The motor 260-SL-2 pressure-vs-time
performance is compared with that of motor 260-8I1-1 in Figure 61, demonstrating
the excellent reproducibility of the ballistic characteristics of the 260-SL
motors. There was no evidence of any pressure perturbations in the 260-8L-2
motor firing, indicating that the modified casting technique used on 260-5L-2
was successful in eliminating pressure peaks of the type that occurred just prior
to tailoff in motor 260-SL-1.

E. COMPONENT EVALUATION

1. Chamber and Nozzle Shell

Vigual inspections of the chamber and nozzle shell motor components
did not show any evidence of excessive heating or paint discoloration during firing

or the extended postfiring heat-sosk period. Specimen heating tests were conducted
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following the 260-SL-1 motor firing to determine the correlation between paint
discoloration and temperature. These test results showed that initial paint

discoloration occurred at temperatures ranging from 200 to 3200F.
Strain levels measured on the chamber and nozzle shell during
firing were low and well within expected values. Strain plots were linear, except

for the two locations on the forward head as discussed in section VI,B,5.

2. Chamber Ingulation

a. Forward Head Insulation

As discussed in section VI,F, the initial attempts to insert
the quench boom were unsuccessful. As a result, posttest burning continued for
approximately 10 to 15 min before 002 guenching was accomplished. The entire
forward head was filled with char debris, and several pieces of smoldering char
were discovered as late as 36 hr after the test. Although there was no paint
discoloraticn cn the forward head, the metal was still hot to the fouch some 6
hr after quench. The motor was washed down and the debris was clean=sd out of the
forward head, A map of the posttest forward-head insulation condition ig shown in

Figure 62.

From the 180-in. dia to the forward boss, the insulation was
completely charred (Figure 63) and the epoxy had been degraded to the extent that
the rubber was no longer bonded to the chamber (Figure 64). The seams were cracked
longitudinally between the V-61 and V-hl rubber; the metal primer under the V-6l
ceams was brown and hard, indicating these areas had been heat-affected. The rubber
insulation aft of the 180 in. dia was heavily charred (approximately 0.5-inzdeep),

but showed no evidence of excessive erosion or unbondedness.
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The rubber insulation forward of the 180 in. dia obviously was
subjected to an extremely long heat-soak time. This area was covered by the hot char
debris, which acted like an insulator and retained the heat; this area was most likely
subjected to temperatures between 300 and hOOOF, which was sufficient to degrade the
epoxy bond and allow the material to deform. The condition of the rubber and epoxy
was indicative of a long heat-soak period at temperatures approaching 300 F. The
rubber aft of 180 in. dia exhibited normal erosion, with the thicker char layer

resulting from the extended afterburn.

Ags a result of the long afterburn and heat-scak time, meaning-
ful thickness loss measurements were not possible. However, the thickness of the
rubber around the forward boss that was pulled loose ranged from 0.8 to 1.0 in.
These values were close to the rubber thicknesses measured after the 260-SL-1 motor
test (0.98 to l.2k). Measurements taken at the 228 in. dia indicated a rubber
thickness of 1.43 in., as compared to thicknesses from 1.38 to 1.51 in. for 260-SL-1
motor forward insulation at the same diemeter. Apparently, the rubber thickness

loss rate in motor 260-SL-2_was equivalent to that experienced in motor 260-8L-1.
b, Chamber Cylindrical-Section Insulation

The postfired condition of the cylindrical-section insulation
was very similar to the condition of the cylindrical-section insulation after the
260-8L-1 motor test. The main difference was the additional 0.100=1in.=-thick ply
of rubber in 260-8L-2, which was adequate in protecting the motor cage from heat

during the long afterburn.
The top or third ply was completely eroded away, except in

the three longitudinal bands that had been protected by propellant sliver. The

second ply in the areas of initial web burnout was completely charred and blistered.
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Some of the blistered portions had been burned away, exposing the epoxy bond between
the second and first ply. Only in a few isolated places was the first ply exposed,
and these areas showed the tan discoloration of heat-affected v-Ul4 rubber. The
rubber under the propellant sliver was partially charred only in the third ply; in

some areas, charred 8D-850-2 liner was still evident.
C. Aft-Head Insulation

The aft-head insulation posttest measurements are shown in
Figure 65. The FMC-200 potting compound between the aft boot and insulation was
not totally burned away and was effective in protecting the insulation from approxi-
mately 6 to 8 in. forward of the nozzle step-joint to the boot bond areas, as shown
in Figure 66. The maximum rubber erosion occurred in the 190-degree area. Again,
meaningful rubber thickness loss rate data was affected by the potting material.
However, the observed maximum rubber thickness loss in motor 260-81-2 was similar
to the thickness loss in 260-SL-1. As shown in Figure 67, the expected material
thickness loss for 260-SL-2 aft insulation was 1,28 in.*, based on the measured
maximum thickness loss in 260-SL-L. The maximum measured thickness loss in 260-SL-2

was 1.4 in.* (Figure 67).
d. Insulation Seams

The thickness loss of the V-61 seam material was equivalent
to the material thickness loss in the adjacent V-L4 rubber (Figure 68). As observed
after the 260-SL-1 test, the char depth in the V-61 was approximately .10 in.
deeper than the v-44 char depth. A very thin layer of heat-affected material was
located below the char layer in the V-61., The char depth and heat-affected v-61
material again was caused by the long heat-soak period, and was not due to excessive

erosion.

*Measured ag the distance at the step-joint face from the edge of the initial design
thickness to the edge of the posttest thickness on a line perpendicular to the motor
cagse flange.

Page 5T



Report NASA CR-5L4982

VI, E, Component Evaluation (cont.)
e, Piring Cap Insulation
A posttest photograph of the firing cap insulation is shown
in Figure £9. There was no evidence of gas penetration into the step-joint and
the pressure tap holes through the insulation were clear. The exposed face of the

cap insulation was eroded flush with the forward insulation disk.

3. Nozzle gnd Exit Cone

Posttest erosion profiles of the nozzle assembly were taken at
60-degree intervals starting at the O-degree radial locastion. The loose char on

the V-4% insulation surface was removed prior to profile measurement.

A summary of erogion depths obtained from profile measurements is
tabulated in Figure 70. The average erosion profile of the nozzle assembly is
shown in Figure 71. The average nozzle throat erosion is 0.624 in. and agrees
with the average of six posttest throat diameter measurements taken. Figure 72

compares nozzle insert erosion of motors 260-8L-1 and -2.

The nozzle erosion profile showed a step at the downstream 1,32
area ratio and reflected contraction of the aft 16 in. of the throat extension
insert. Further visual ingpection of the end of the throat extension insert
indicated gaps up to 0.12 in. at the bond line between the plastic insert and steel
shell and within the overwrap material. The unbonding and subsequent contraction
during cool-down of this portion of the throat extension insert are apparently due
to the bond strength being excceded by thermal expansion stresses and are the result
of additional heating of the nozzle inserts from the gquench system malfunction after
motor burnout. Contraction of the insert renders the erosion values unrealistic
and inaccurate within this area; however, the average erosion appeared to‘be less

than that for the 260-SL-1 nozzle,
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The exit-cone erosion data‘were unobtainable as a result of excessive
heating caused by the quench system malfunction. Visual inspection showed separation
of vonds between the liner and honeycomb facings and within the honeycomb gandwich
structurs. Dimensional inspection indicated apparent contraction of the plagtic linsr
after excessive heating anrd subsequent cool-down. The appearance of the surface is
similar to that of the 260-SL-1 exit cone, and the erosion depths are not anticipated

to have exceeded the 260-8I-1 values.
Hoo Nozzle Insulation

The performance of the v=hl nozzle rubber insulation was within
design limits and wag comparable to the nozzle insulation performance in motors
120-83-1 and P60-8I-1. The 260-S1-2 nozzle insulation maximum surface recession
profile is shown in Figure T73; the initial surface contour for both the 260-SL-1
and -2 nozzle insulation, and the maximum surface récession profile for 260-81~-1

nozzle insulation are included in Figure T3 for comparison.

. As shown in Figure T4, the erosion contour at the downstream
edge of the nozzle insulation, spanning the -2.,04:1 area ratio station, was considerab.
smoother than the 260=SL—1 posttest contour. Apparently, the effort expended to contr
the nozzle ingulation shrinkasge in the mandrel during and after cure produced a
closer fit with the aozzle plastic comporents. A4sg a result, a thinner bond line
was formed between the rubber and plastic at the blend area, and the irregular
erozion experienced in 260-81~1 froﬁ degradation of the fubber~to-plastic bond was

gverted.
b Entrance Insert
The erosion characteristics of the entrance insert is

aimilar to that of the 260-81-1 nozzle. DMaximum surface erosion occurred in

the silica cloth and phenolic portion of the ingert, which was initially fully

Page 59



Report NASA CR-5L4982

VI, E, Component Evaluation (cont.)

covered by V-4l insulation. There is no evidence that variability in erosion of
the plastic resulted from any cause other than variation in protection afforded by
the V-44 insulation.

The carbon cloth and phenolic portion of the insert, which
interfaced with the silica at the -2.0:1 areas ratio station, was more uniformly
eroded, with small variability near the silica interface reflecting the variation
in V-bl insulation erosion. The average erosion contour was similar to 260-SI-1
in this portion of the entrance insert. The average measured depth of erosion at
the -1.6:1 area ratio station was 0.27 in., as compared to 0.37 in. for motor 260-SL-1.
Moving from the -1.60:1 area ratio station toward the throat, measured erosion ex-
ceeded 260-8L-1 erosion by & maximum of 30% at the 1.41 area ratio and then progressively
decreased. At the -1.06:1 area ratio station, the average measured erosion was 0.81

in., as compared with 0.84 for motor 260-SL-1.

Figure 75 shows the posttest surface condition of the entrance
insert adjacent to the V-4 insulation. No delaminations were observed in the surface
of the silica cloth; numerous short circumferential delaminations existed in the surface

of the carbon cloth.
Ce Throat Insert

The nozzle throat insert was eroded uniformly around its
circumference except for a local deep erosion at the 140-degree location. The
local erosion shown in Figure 76 is 0.20 in. deeper than the adjacent surface and
is an extension of the irregular V-4k insulation erosion pattern into the nozzle
throat. At the throat station, the erosion depth obtained in contour measurements
was 0.56 to 0.7l in., with an average of 0.61 in., as compared to 0.70 in. for
motor 260-8I-1. Average erosion at the throat obtained from the differences
between pretest and posttest diameter measurements ftaken at six angular locations
was 0.624 in. The action time throat recession rate is 4.8 mils/sec. The total
erosion was greatest at the entrance end of the ingert (-1.06:1 area ratio station)

and decreased progressively over the length of the insert.
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The physical appearance of the surface of the throat is shown
in Figure T7. Numerous circumferential delaminations were apparent. The area down-
stream from the throat showed surface roughness similar in appearance to that observed

at this location in the 260-SI-1 nozzle throat insert.
d. Throat Extension Insert

The mezsured depth of erosion of the throat extension insert
was less than the 260-8I-1 erosion over the entire length of the insert. At the
upstream end of the imsert (1.10:1 area ratio station), the average measured erosion
was 0.28 in. as compared to Q.42 in. for 260-8I-1; near the downetream end (1.9:1
area ratio station), the average measured erosion was 0.15-in. as compared to 0.22

for the 260-81-1 nozzle.

The surface appearance of the throat extension insert is
cshown in Figure 78. Numerous surface pits were observed, and erosion was uniform.
Short circumferential delaminations were apparent with two long circumferential
delaminations near the aft end of the ingert. These two delaminations are shown '
in Figure 78. By ingertion of steel scales, it was determined that the depth

of these delaminations extend approximately to the overwrap material interface.
€. Exit Cone

The ablation zurface of the carbon cloth and phenolic portion
of the exit cone was smooth, with long circumferential delaminations as shown in
Figure 79. Numerous radial cracks were also observed. These delaminations and
cracks were gimilar in appearance to those observed in the exit cone of the motor
260-81-1, except that more radial cracks were apparent. The interface layer
between carbon cloth and silica cloth was delaminated and inspection indicated

that the delamination extended to the overwrap material interface.
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The sblation surface of the silica cloth and phenclic 1is also
shown in Figure 80. An oxide deposit similar to that observed on the 260-81-1
exit cone covered the entire surface of the silica cloth. Previous analysis of
samples of this deposit by emission spectrographand X-ray diffraction showed the
oxide to be basically mullite (3A1203.28102) with additional silicon present as
8i0.. This oxide was apparently produced as a melt of SiO2 from the silica cloth

2

of the liner and AlEO from the aluminum of the propellant.

3
Circumferential delaminations were observed over the entire
surface of the silica-cloth portion of the liner. ILongitudinal depressions were
also observed, being most pronounced at the upstream end of the gilica-~cloth
section. The pattern of these depressions correlates with locations of steel strips
used to retain the nylon tension wrap during liner cure and appear to result from

small fiber reorientation occurring between each of the first layer of these strips.

The V-61 potting compound applied to the exit-cone aft flange
afforded adequate thermal protection. The external surface of the exit cone showed
evidence of heating, in that the cork-sheet insulation placed over the outer skin
of the honeycomb structure was charred or blackened over approximately three-quarters
of its circumference (Figure 81) and extended 2 ft further below the exit plane than
observed on motor 260-SL-1. Unbonding of the edge of the outer doublers and two
repair panels was observed. Inspection by tapping showed that large areas of the
bond between the outer facings and honeycomb core were separated. Although no
discoloration of the honeycomb external surface was observed, overheating and

subsequent degradation of the bond line was evident.
F, SPECIAL TEST EQUIPMENT FERFORMANCE

1. Tgnition Motor Retention-and-Belease System

Operation of all retention-and-release mechanical and electrical

systems was normal. The retention cables accomplished the primary design function,
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imparting sufficient horizontal eastward impulse to the ignition motor and support
fixture assembly to assure a trajectory and lmpact in an area well clear of the
motor and nearby plant facilities. Analysis of motion picture coverage, ignition
motor trajectory, and breakwire data indicate that cable breakage occurred before
the cableg were pulled taut, and, as was concluded for the 260-81L-1 motor test,

breakage was caused by cable accelerations in excess of 200 g.

Tower breskwire data recorded during the test were used to determine

the velocity and acceleration of the ignition motor and support fixture agsembly.

Te distance-vs-time data is shown in Figure 82, and the expression, x = ctn, was
used to relate vertical distance traveled as an exponential function of time. A

- plot of terminal veloecity at 100 ft 1s shown in Figure 83. Included in Figure

83 is a sumary of distance, time, velocity, and acceleration of the ignition

motor and support fixture assembly in both motor tests. This sumnary shows that
there was no significant decrease in measured vehicle velocity gained by stream-
lining the flat impingement surface of the ignition motor and support fixture

. assembly.

Tower retraction was normal and the assembly was not damaged by
exhaust gas impingement. First movement of the tower retraction linkage was recorded
at 0.57 sec; 1.43 sec later the tower was retracted 5 degrees and was free of the
exhaust plume. The tower was fully retarded at 4.8 sec. Figure 8l shows tower
position ve time during the retraction and retarding cycle. The posttest condition

of the igniter track assembly is shown in Figure 85,

2. Quench System

Quench-boom insertion was initiated 176 sec after fire switch. The
measured chamber pressure at this time was approximately 7 psig, and the resultant
gerodyrnamic drag and thermal 1lifting force was sufficient to prevent completion of

the insertion cycle and subsedquent 002 quench-media discharge at the desired time.
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The hydraullic drive unit continued unsuccessfully in its efforts to drive the boom
into the locked position until 245 sec, at which time the boom end began to burn
awvay and the unit was violently retracted by ectuation of the 002 quench valve.
Damage to the boom structure by this action prevented subsequent re-insertion
attempts.- After the boom was positioned with the aid of a mobile crane, 002

was discharged into the motor at approximately 12 min after the firing.
G¢. FNVIRONMENTAL EFFECTS ON FACILITIES AND STE

A 1imited amount of data was recorded to define the dynamic and thermal

environment existing in the immediate vicinity of the motor.

Measurements made on the 260-8L-1 static test demonstrated that the
temperature, vibration, and sound levels in the area of concern are well within
the limits that test systems and the facility cen tolerate. Data taken at similar

locations on the 260-SIL-2 static test confirm this conelusion.

1. Temperature

Thermocouples and temperature-sensitive paint were used to measure
the thermal effects upon various hardware components adjacent to the motor. The
location of thermocouples is presented in Figure 41. An increase of 30°F was
recorded on the quench system components until boom insertion, at which time data
was lost from the thermocouple near the boom tip. The igniter track reached a
temperature of 153°F (T-T-270-15) at the end of the recording period. Temperatures
around the edge of the caisson peaked out at 130 to 190°F at T + 175 sec.

Temperature~sensitive paint was applied to boards set at four
locations around the motor as shown in Figure 86. Each board was painted with
20 paint strips, ranging from 119 to 600°F, in approximately 25-degree increments.

The maximum temperature indicated at each station is also shown in Figure 86.
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2. Vibration

Valid acceleration data was recorded on magnetic tape at the thrust
takeout ring (GT-TTR-y), the igniter track (GT—E), and on a relay in the instrumenta-
tion terminal room (GTR-l, GTR~2), Vibration measurement from the igniter motor

was lost at 0.120 sec due to an undetermined failure in the data channel.

The vibration data on the thrust takeout ring indicates no
significant response. There is some evidence of the 200 cps oscillation which
was observed on motor 260-8L-1; however, the signal response is in the range of
the noise level on this channel, and no useful data can be determined. Vibration
data measured on the tower is dominated by a high frequency vibration (2-b Ke)
with an amplitude of 200 to 300 g; this type of vibration has no particular signifi-
cance. The vibration decreases to a very low level after the tower is retracted out
of the jet boundary. Vibration response of the relays is very low. Peak amplitudes
of 6 to 7 g at 70 cps were recorded for a short period after motor ignitien. The
peak amplitude appears to occur during the ignition motor sled travel. Steady-state
vibrations are less than 1 g and are down in the noise level of the two channels.
These data will be used to determine the advisability of providing a shock mounting

system for the relay Junction box in the terminal room.
Acceleration data indicates, and visual examination confirms,

that the test hardware suffered no adverse effects during the test, and that no

abnormal dynamic events occurred.

Page 65



Report NASA CR-54982

LIST OF REFERENCES

Stotic Test Firing of Motor 260-SI-1, Aercjet-General Corp., Report

Wo. NAS3-628% FI-5, 25 October 1935.

260-SL Motor Aft-End Ignition System Development, Aerojet-General Corp.,
Report Wo. NASA CR 5445k, Final Fhase Report, Volume I, 20 August 1965.
The Integrated Design Computer Program and the ACP=1103 Interior

Bellistics Program, Aerojet-General Corp., Report No. STM-180,
1 December 1964.

Page 66



2 ¥o | 3a3ys ‘| 2andgg

1. INTERPRET CAMAING PER STANDARDS PRESCRITED IN MiL-D-70327.
£ wewoven.
A\ revoves.

& LUGAIGATE wITH LUFRECATING GREASE PER WIL-L-4343,
& FALL J4F <014 mJIED MATERVAL PER APFROVED AGC PROCESS.

& TOIJDH UF ANY EIPU!EU EI'IEIIBI IIETM.LID JURFACER MEA Aﬂn-!lﬂ"?
A IMER FER &I . PRIOR 10 MOTES B AM

T, LEAK TEST \IEI 3 AMD |TEM 1 ASSEMBLED WSING & FULL END GOIEl
AT L1EM 1 AFT FLANGE, IN ACCORDAMEGE wlTH AGE-238420 .
TEST QDIPOIJNB PEIIiTh'.D ON EAPASEDR WD ODF NOIILE IN!D (
EXTEKSION |WSER

4. HOLCINWG FI!IUHE SHILL NOT BE REMDYED FROM 1TEM 1 UNTIL iras
ASSEMILED 10 0T

A fLweLEss, CHEN MEALING UR 1D J80°F PRUITIED O WOIER
GRFACES 10 FACILITATE ASSEMEL
LUSRICATE THREADS AWD \IHHER BOLT HEADS WITH ANTI- IEIlE
CCWPOUNE PER WIL-1-3524

A rDRouE PER 43D-5276 10
125 FT-LA,

C 000
Qg L

LOEII\&E PIR l!l]l‘u EXGEPT A3 SHOWM IW YIEW E-E.

AFTER LEAK TEST INSTALL ITEM 2 AND RELATED ATTAGHING FARTS.
& APPLY INSULATHON A4C-34335 PER PROCEES AFFROVED BY AGC,
48, METHOO OF PRESEAYATION PER WiL-#-116, METHOD 11,

HiSEFT DUI'EL PIRE 1N ITEM 1 PRIOR 7O ASEEWBLY &F II'El 1103,
10 LNSURE PROPER ORIENTATOM GOF COMPONENTY,

A roLLowing ki & .
oA ALLDN AN ADDTTTORAL 2 HOURS CURLMG TIWE AT AMBIENT
(=311
b, gLean ALl ECIERION 5 SURTAGES OF 600Z00-3 ANO'0UZ60-19 WiTH SOLUENE
& Fl Al L TT
G ARPLY K¥idhiDn nmz COGEA FER MAL-L-T178 EOLSR WD_ 17875
[0 ATHGRNESS V THE D@l NG (NTERVAL SKALL

t
GE 45 MIMUTE! W EOATS. AJR DRT FINAL CQAT AT
TEWMERMIURE Fﬂli H -

48, ASEEWELY PROCEDURES SHALL HAYE FAIDS EWGINLZERING APPADYAL .

& VENODR II'[II BEE SPECIFICATION CONTROL BRAWING FOR
PROCUREMEN

w0 “lllvlﬂill’ll LIMITS <
A PIGPEL[IMI 50?!’35[ Elﬂlmﬂﬂlfll LIMiTA.COUIL DRI

05 "l ROPELLAMT SUiFﬂGE ll EXPOBED,
WOTOR SHALL SE PURGED WITH AIR O )
HAYING & El..ﬂ'lvE HUMI DI TY AND T:HPul'uﬁE FITHIN
THE LIM|TE GEFIMED IN (1: AMD {2) AINE
4. PURGING MAY BE INTERRUPTED FOR 0.% HOWR
DuiING l!l‘l[llu?fluni THE MOTOR SHALL ‘E PIOYEQTED

MoIBTuRE
B, BHMI!EH [lI[RHII. E#NIIMEHTAL LIMITS:
1. TEMPERATURE - BO*F 120

£\, OND GASNET IN PLAGE WITH MIL-A-1754 ADHESIVE AT FOUR L4s
EQUALLT SFAGED PLACEN,

Fraie L5Z3900 LUMELLAT WAY A APPLILD 10 NOTED MATLNG SURFACES
70 & DRT FILM THICKMESS OF D.0002 %0 0,0003 4u FPLY 1N
R ChRBANCE Wi A MAMFAGTURER 3§ RETRUET | ON3.

?3 .AEO 34333 IHSUI.A'FIUN Il." BE RELESSED FROWM STEEL SURFACE AWE
LT Wi1HiN MOTED

,_ii REWAYED
o
&% FREMDYED

A
(26, REMOYED

,{15 msunn:nlun AND WARKING ON Z50F 8L WOTOR |5 APPL!ED IM ACCORDANCE
TH AGO ORAK|NGS 1124046 AND 112588, RESPECTIVELY

A THE #EATHER GOYER ASSEMELY ROPE 1124204-23 SHALL Q€ LOCATED AT
2ERD DEGREE #BSITION WiTH RESPECT TO THE WOYOR

& KINGS 1124%04-7 SHALL 9€ USED DURIMG L1FTING AMD WAWOLIWG DF 112430&-§ GOVER

no!u 11g4509-21 AND $174504-23 SHALL BE BROUGHT OVER ruE ERLT
E aNG TAPEC 10 THE EXTCRNAL SURFAZE OF THE EX{T GONWE

tﬁ AFTER INSTALLATION, The STeAF LISEMBLY &~ 1124504-%, SHaLL BE
Chh#m SHUGLY AGAINET THE FORMARD FAGE OF THE PLAKE FLANGE.

SEE DEsd

|

SEF 0N

LEL DEN

e

BaCHING

CHAMBER & GRAIN ASSY

TDENTIEICATION IND MARRING

=

TDENTIFEATION AN MARKING

t
3

MEATHER COVER |

NOTZE ATSY |

ADHESVE |, Tyme I

ADRE SIVE

L3RI

| AOv b

11011 38
|3

NDERAE

1

ETEE RS

LUBIICALIT, SOLID

P b EEED PRIEE

s « 3 Srect e Sag TR

LN

LECAWARE

MLIRL

B oS

STulR T

e

P ¥ka
FaltrrAL

AROHEARNBNRHNE

=
b

29616~4D YSYN aaodsy

R1Ty

8oLT

BT

AT & [~
Ao %~

BILT

m'
i

~

=TT

a2

o

Wit o,

il wi s win [ [w o5 [S{A[R]X[a]%

NI
TS S [Vs] iy y S

i3S [f] 60000

i 2

260-SL-2 Motor Assembly (u)




>89

T Jo 7 3183ys ‘| sandtg

. St
Dad IOE~

A H24504-T REF

A .‘:FE—‘
0.
L
e osrar AEB o
mCaeE:f o
[
— | A 1
AT TS O £ ASEL PLACED [ 25w
T AT AT END OF A TEND, - E __I 0
— ]
! ac rae N
SCALE L -
i )
1 i
i
= L
/®&
1
H
. Ol KX

:

45021 REF N /_9

A5G 3 REF an
\1J\SE&]DETA/L

L BZ KEF

]

NERAACE

(‘\ R

THE, F T A=

296H6~4D VSYN jaoday

A = L EyoEaT
NN R
b, o N TAE ST T. TAE WANT Wikt
%M TS ¢ DA DL
NEAREST TRl VT MK
1 ' AN TR PR VARS8 7
gL L ARSI WER TR O
OFMER WHAE .
i
— -4 - 2-3 B ] 722

260-SL-2 Motor Assembly (u)



¢ 7o | 399uys ‘g 2indra

£8% LiNE s BEFINEQLAT A LINE FASHLNG TARDUGN THE GENTCR 0F

UIII[TER! -l
,ﬁ TLE e (STLINERLCAL SECMENTS (OOURSES ! WUTH THD LONGLTUDINAL
HELDS £ SHOEN, A MAXWUM OF S1X COVRSES OF APPRDLIMATELY

EQUAL LENE1H I’H’N s ul‘ TIREI 13) LOWGITUDINAL WELDS WITH
120" SPACING AR ALLUWED,

ZB,\; NDTED THICKNESSES ARE TD !E MACHINED TO FIT THE FIHAL THICHNERS OF
HE ADJACENT GURE ISSLIIBL

5. SURFACE ROMGMNESS 20D/ EMGEPT AS WOTED.

13, WMACHINE BIMENSONS TO BE WiTHIN TOLERANCE WHEH REFERENCED T
STaMCARD TEMPERATURL OF 68% F.

d&\ PAGCESS CIMEHEIONS, DO WOT FInaL INSPECT.

12 ALL SURFAGE GOMTDUR GHANGES WITHIN THE TOLERANCE IGKE MUST NOT
EXKCEED .02G iW,/iN. SLDPE, EACEPT aT THE UELD FusIOK IDHE.

Ay THESE DIAKETERS MA1 BE RESTARINED 10 TRUE SHAPE FOR INSPEGTION.

14 €LNAL WACHINE CHAMBER AFIER MARAGING. il DIMENS IONS BROWK AFFLT
AFTER WARAGING TREATMENT AND F{NAL WAC

V5 ALL METAL sunncts m ']i PROTECTED FROM GORADSIOH DURIMG
FARRLCATION AND

CLEAN METAL PARTS. PER MIL-P-116, METHOR SUBJECT TO AGD AFPROVAL.
JHE CHAMBER STEEL SWALL GORFORM 10 THE FOLLOWING SPECIF1CATION:

1. FHHEIIES - AGG-343
ATES - AGG- suﬂs ®sraat &

1. LOGATION OF LONGITUDINAL MELBR IH_CHAM3ER SHALL BE SELECTCD SUCH
I'NIT IAUHU“ SEPARATIOM BETWECEN LOKG I TUDIMAL WELDS 15 DBTAINED A1

19, WELD PER AGC-JED73/303 USING TrG WELDIMG FROCESE. MWELD wiRE PER
AGC-34326, GROOYE DESIGN BUBJECT TD AGC APREOVAL.

A ALL WELDS EXGEPT GTLINBRICAL SECTION LORG) TYDIRAL WELDS.

. PEAMISS |9LE WELD CAOWN OF 04~ G{E INSIDE AND QUTSIDE. REMOVE
EACESS WilD BEPDSIT Bl’ GRAND NG .

2. INEN REDUCTIDN IN PL-I'IE THICKHESS |5 UMANDIDABLE 70 MEET
W15MATCH REQUIREMENTA lllﬂ? ]
H o TRISENERAL wGr: MSIDE AND GUTSIDE AS NECENGAAY,

PART 1uSPECT PER AGC-22116
2. e e ¢ YDROTEST.
N TERMNAL ‘ELDRigNFECEE AFTER GRINDING
L AFTER WA .
iﬁEFDiE[:ARIEANBI e EIELD SURFACES AFTER HTERDTEST

PER ROTE 26.
O TEqual a0 EXTERNAL SURFACES OF THE CHMMBER FORWAID
AND :Flsgulﬁﬁi FDRGINGE AFTER AVDADTEST FER WoTE 26,

FADIGGRAPHIC IMEPECT ALL WELDS PER_AGC-JEUES BEFORE

A RiNE TREATWERT AND (NTERPRET PER AGG-13BG0. TABLE 1, CLASS I.
25, WELD REPRIR:
A Eha2 B8 Rerkid L R T R
PER WDTES 23 AKD
8, WLLO AEFA{R AFTER MARAGING SUBJECT Ta AGC APFROYVAL.
26, HYORDTES! CHAMAEE PER TEST PLAN FREPARED 4Y VERDOR. I'l:sr FLAN (S

S0 BE APRROVED BY AGG PAICA TO INITIATIDN DF HTOROT
1wy COATS OF IINC GHROMATE PRIMER PER ABC-18072 AFTER PFOS1 III1D|B EB[
A INIFECTIEI 0 atL {WTERWAL aNC EXTEARAL SURFACEE EXCEPT AS WOTED ®

JON PREVENTIVE MIL-C-1B173, GRADE | PER AGL-3E2dL
"FU E‘gﬁoirgkuﬂﬂ INSPECT(OM TO ALL FINAL MACHINED SURFACES

8. SAI'I!IILAHIHE PART PER AGG-36237 13 PEAMISSIALE FROIIDU‘G THE F 1AL
METAL WICINEES ANO SURFACE ROUGHNESS SHALL BE WITHIA T
SPECIFLED WALUE:
& PROTEGT WOTED SURFICES'P[H AGG=356237 WHEW SAMDBLASTING.
31 METHODS OF PRESERYAT(OM PER MiL-P-11E, WETHOD oT.
mllR'l uu 10 @€ WATGH DRILLED FROW T-45001B ¥iTH HOLES ALIGNED
LA

ENENT 1L-c-16171, GRADE TI PER AGG-36234

Il L u
ﬂ"‘-' °° RoS 18 L bn 10 AL HOLES ADTED.

v
AFIER POST HTDRDIES‘ [L1]
4. REMOVED

A} AKGE HOLEL3) VO BE WATCH DRILLED FROM T-450054 DRILL TEMPLATE
:llil LEDATED FROM PLANE AT 9% ME WDTED.

Em o s ——
== —— ]
Al SES A'CranGE O A o
Rl TR AR EETEN R e e s
WO, CLEL € LA AN M F
% REWOVE ALL RURRS aND SHARF EDGES. Ay Briagm e SEOTION LnETIOLLAL AoLo O Std 3 ConantE ADCH A FE
2. INTERPAET CRA®ING PER GTANDARDS PRESCRIBED IK MIL-D-7327. BB T “,Nmw"“ﬁ;ﬁy’g'ggg,?g,:ami- EXCESE NFISEr £ ‘cranoe D wec._pad
3. NOTES BAS Al TRANEYERSE TO LONGI TUDIHAL WOTAR CEMTER = =
R £ LinE. 2, WHEN ?gnu:{mhénz%ugagmcnntgsnés'ugnv‘n?aut ;o gggs" F|SEE = CHUNGE DCN e
ALL COANER AND FILLET ®aony TS 8E TH, HI TEP QR WSWATCH REQY 5 IND INSI OUISIDE AS N 7. ey . =+
PERMITTED. aoa " T uisATER LOMFLY WiTH GEWERAL WOTE 12 Glsee DO 7, FLrevy
“8Y PLANE = 15 WEAT TREATMENT FER _AGC- 3613072 19 200,000 PS¢ M INIKUM AHO 235,000
_j_\ HL ["‘Tﬁ—lui EIE;INI:D &S & PLAWE PAESING FHROUGH CENTER DF {WDEX A Pgt TN ELG TERE VLE STAENGTH- instRulltn'lﬂlDu ARD AGINE
SPEGIMEN PLAN I5 TO AE APPROVED BY RGE,

ol el

et ny
il Beryerve |5P40C E lgiza 7 ;I
REMOVED | &
A e ’ 5
WAl lAaE S . o«
-5 3
A | 39378 2
5s5 LAY .Y

LT A AASSE T -

P Fea Q48 MO TOR

E OGR4 v s T COMTIY, DAL

G| 6OCEEE

IO

260-5L-2 Motor Chamber

2645640 YSYN 3xoday



>4,

S 30 7 393ys ‘g dandryg

{ 2-3 | 22 2.1
e S— 5 Vo3
1+
L —AAF FESR ABL SEE M
T

K e e sewerae AT ST —\
3 "
,9;\ R =@ e K

EADE DS -/
2 7/
e

[\ G / : 2746 REF —F:1—| , -
| St T N R S — AN
| - 0
Bz /‘\ e =E c
[rheoe : b
il = ik N
[=.7.2) . H
:‘ ) Py 2/ 3
# Sl
SE ) NA g — | ".// Drafy
I 1. A AT N
(BB \’\\ i )
S -1/_
"\‘ S /‘l - \ I/—_: \ i EE F'
I = i
N _—/ﬂea_ﬂ_AL& — 2555 2R )
@ I L ACES r="=ad “
e P[f—_ﬁ?—aj_‘- =25 orats \% a DT S~ e
ZBE. 7 FLEE -
== T = bz -

ECOES,

260-SL-2 Motor Chamber

2R6m5~4D VSYN 3xodsy



¢ JO g 333yg ‘g 2IndTg

778, 50
L EEE TO AR LA ——
Y [ /5050 BEF TE FWD ELRETORS E@RATOR , rE?' 20 /ﬁcgé‘: [+
i P
2 o t =)
’GL"I_ES \_rao - 2454
1P
DA REF o) ‘S{ H
235 e -
020 1 | oeeR
. =3 |—
4O IOI g PLaces
Frrss
B AL =z
L -
5_‘ 2 A 8] e
PLacESs
38R & PLACES —ano
c .ea}z b DA FLAT 0T T c
reaR ki imis DEso
sea CSC GO " A 2TT oA
) TLREAD (25042 LME3B
TR T TS A ME -5 -S87% T L 375
* oeran H AN PEIEETT
Feact L2 THREALD DEFAT A
o585 oo OE72L D o A LS EUALY
=T SCaLs 7’. SAACELD ONME FHOLE
~ DR & LT DEES LiC‘ArED [=2g:- =]
= . AT 3
AR T A e ShDD NNy
b 38 MO/ r S-BT TR —
TO . BOC AfN EECT
? Hocgs E‘ﬁ.&:l.r_'b’ o
o’ .
Soacro oI 2 noos -O7D e i
P A AOLE X M
=
NN L ke 090 & BN oy g FTS 395
Emnr BLEE e 225
oerar. N
scacs £ [
5. 34 L,EES
)
som ]
L,
eyl R }
i —; o6 SEBTIING AR ASD SOST-F
050 P—\ FOP— | =on
] a* [ —
a
[25c] i . v
i .a52
. A sa0s,
275 A &3, -
Did e peran |
' : B0 A SCALE
] | / .
O } -
A 728 B LS ACES i / \ o A
r_ i J oss '@ fea = i e T
oeran v ; i
scacs £ ) -0 . 3 b Rt i
T AP ; - Mt 1o e
. H ovanegse -
= 1] ST S O TS
~ J Kasd S T T
osTAL e e T
scace £ wiyeensli oS EE
o ] T I
3-4 33 | ' 31

260-SL-2 Motor Chamber

2R6HS-HD YoVN daoday



>,

S 30 t 393ys ‘g 2INSTA

43 !

42 |

|
i
E

£EXGD DN THELS
[ - ]

& DA
I RS, GV AL
<

_ aoon
& L ECN-T il
SO0 £

ZJQELD LA FED P 3
A mmﬁ”” sC‘.au.s".-é

== P =
) &3 [ ¥ J——

260-SL-2 Motor Chamber

Th B ROD Y

261S=40 YSYN Jrodsy



¢ JO ¢ 333ys ‘g Iandyg

>8L

.
5-4 5-3 ! 5-2 5-1
o ety 4w om e sty ok BN My CHAEERe WELD ASEIATER | S ===
CHERW THOAS -
T ACTIR MMM TS NNESS O THE SLATE TO B WIROL.
LT e Ty O i O N LDV TINGLS  ARIASTANE Jra T oy
St B rn-i:' Seid (L) SAALE MOT EXCEED — DY B2 O
o D2 MINHAIM CONTNEDES ATEArDRANE ~ 5T Gl A £
_L I B F LA Lo
“_ T o
3 a Lo 'f_ A
| | .
. | 1~ .
PV i 1 T—
T

1
PR f,
——
B 86 * Tt S
7o s e /D L ACES, xS h“:__t———[————ﬁ_—t .
e : ot Laaec  La sa s Lo
-

WELLD ALfISHASTE A D72 </
SCALE S NONE

SrES EASAT
7 nr..qc:s&

e

2REMS-HO YSYN 3zodsy

52

-
o z 22
e o NN
i wEw Ne
wiew M=-M B
‘ 129, 57
==
S
’\ )
[ — a7 uii=Z. e [P e R
e mEETE.
EEL PV b ot ey i
T XEr i A P
B o | SED Dl AR ToR
oE TN ';B PN S P il
SCcALE WA s s s
. C——— A Y et |600€J£—'
e )
o 5-4 5-3 [ 5-2 51

260-5L-2 Motor Chamber



/

Report NASA CR-54982

Pretest Component

Chamber

Forward Cap Assembly
© Liner

Insulat ion

Insulated Chamber Assembly
Propellant

Nozzle Shell
Nozzlie Liner and Insulation

Nozzle Assembly
Bxit Cone

Forward Cap Bolts, Pittings, and O-Rings
Nozzle Bolts and O-Ring .

Bxit Cone Bolts, Nuté, and O-Ring

Boot Potting Materials (FMC-200)

V-61 Insulation

Miscellaneous Assembly Hardware

Total Pretest Motor Weight
Prapellant Mass Praction

Posttest Component

Chamber
Forward Cap
Nozzle
Bxit Cone
Total Posttest Motor Weight
74‘.: Motor Weight Summary

Figure 3

Actual Weight, 1b

122,085
42

908

18,712

12,725

13,401

2.5

362.5

161,5

648755_

67,0

140,000
42

21,587

7,594

(est,)

141,747

1,673,000

26,126

9,014

7,081

1,856,968

0.901

169,223
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Report NAS3-6284 FT-6

Component Properties after Final Cure from Test Specimens

Aft Test Ring Fwd Test Ring
Specificetion Inner Wrap Over Wrap Inner Wrap
Test Conducted Limits MX-4926 MY-26U6 MX-2646
specific Gravity per Fed. 1.38 min 1.45 1.78 1.80
Test Method S5td. LO6, for MX-4926; 1.45 1.80 1.81
Method 5011 1.75 min. 1.45 1.79 1.81
for MX-2646 -
Acetone Extrectables 1% max 0.08 0.07 0.16
per ASTM-D-4QU-46, % 0.11 0.06 0.08
0.08 0.06 0.05
Interlaminar Shear 1000 psi 2,980 2,700 --
(208489 ) per Fed. Test min 2,550 3,100 3,300
Method Std. 406, psi 2,810 3,300 3,100
Interlaminar Shear 10G0 psi Interface Between
{208489) per Fed. Test min Inner Wrap and
Method Std. 406, psi Over Wrep
2,100
2,400
2,600
volatile (208491) per 3% max 2.71 1.38 1.72
TAP-DAP-122, % 2.68 1.70 1.67
2.48 1.51 1.70
Microtensile (208488) Report 17,700 17,600 12,700
per ASTM-D-1708, psi only 13,400 14,200 ' 19,600
' 18,100 17,100
18,200

Component Properties of 260-SL-2 Nozzle Entrance Insert

84~
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Report NASA CR-54982

Component Properties after Final Cure from Test Specimens

Test Conducted

Specific Gravity per
Fed. Test Method
Std. 406, Method 5011

Acetone Extractables
per ASTM-D-4Oh-L6, %

Interlaminar Shear
(208489) per Fed.
Test Method Std. 406,
Method 1042, psi

Interlaminar Shear
(206489) per Fed.
Test Method Std. 406,
Method 1042, psi

Volatiles (208491)
per TAP-DAP-122, %

Microtensile (208488)
per ASTM-D-1708, psi

Specification Inner Wrap Over Wrap Inner Wrap Over Wrap
Limits MX-4926 FM-5131 MY-4926 FM-5131
1.38 min 1.45 1.74 1.45 1.75
for M¥-L926 i.b45 1.7h 1.44 1.75
1.68 min 1.45 1.74 1.45 1.75
for FM-5131
1% max 0.19 0.11 0.09 0.19
0.16 0.07 0.17 0.13
0.14 0.11 0.11 0.12
1000 psi 2,500 1,600 5,020 1,410
nin 1,500 1,500 1,310 1,240
5,900 1,800 5, 600 1,380
1000 psi Interface Between Interface Between
min Inner Wrap and Inner Wrap and
Qver Wrap Qver Wrap
2,000 1,480
1,700 1,830
1,500 1,660
3% max 2.20 2.83 2.14 2.84
2.07 2.87 2.0k 2.79
2.20 2.84 2.03 2.80
Report 16,300 9,300 17,100 9,900
only 15, 500 4,300 12,700 8,900
14,000 4,600 14,900 10,900
Component Properties of 260-SL-2 Nozzle Throat Insert
8BO<

Aft Test Ring

Fwd Test Ring

Figure 9



Report NASA CR-54982

Component Properties after Final Cure from Test Specimens

Af't Test Ring Fwd Test Ring
Specification Imner Wrap Inner Wrap Qver Wrap

Test Conducted Limits MX-4926 MX-4526 M-5131
Specific Gravity 1.38 min 1.4k 1.45 1.73
per Fed.Test for MX-U4526 144 1.45 1.73
Method S5td. 406, 1.68 min 1.544 1.45 1.73
Method 5011 for FM-5131
Acetone Extractaﬁles 1% max 0.24 0.12 0.25
per ASTM-D-4OL-4E, % 0.19 0.11 0.25

0.20 0.18 0.14
Interlaminar Shear 1000 psi 3,300 2,720 1,410
(208489) per Fed. nin 3,500 2,360 1.470
Test Method Std. 406, 2,570 2,040
Method 1042, psi
Interlaminar Shear 1000 psi Interface Between
(208489 ) per Fed. min Inner Wrap and
Test Method Std. 406, : Over Wrap
Method 10L2, psi 2,400

2,510
2,400

Volatiles {208491) 3% max 1.93 1.93 3.28
per TAP-DAP-122, % 1.94 2.10 3.31

1.94 2.02 3.30
Microtensile {208488) Report 13,600 15,500 10,200
per ASTM-D-1708, psi only 13,500 15,900 10,400

12,100 15,600 10,700

Component Properties of 260-SL-2 Nozzle Throat Extension Insert
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Report NASA CR-54982

Component Properties after Final Cure from Test Specimens

ATt Test Ring Fwd Test Ring
Specification Inner Wrap Cver Wrap Tnner Wrap Over Wrap
Test Conducted Limits FM-5131 FM-5131 MX-4926 FM-5131
Specific Gravity 1.38 min 1.71 1.71 1.42 1.71
per Fed. Test for MX-4926 1.71 1.70 1.41 : 1.72
Method Std. 406, 1.68 min 1.70 1.72 1.42 1.71
Methed 5011 ‘ for FM-5131
Acetone Extractables 1% max 0.12 0.10 0.02 0.06
per ASTM-D-4gL-L6, % 0.14 0.11 0.11 0.07
0.15 ’ 0.10 c.09 0.09
Interlaminar Shear 1000 psi 1,230 2,620 1,270
(208489} per Fed. min 1,280 1,510 1,290
Test Method Std. 406, 1,140 2,200 a70
Method 1042, psi
Interlaminar Shear 1000 psi Interface Between Interface Between
(208L89) per Fed. min Inner Wrap and Inner Wrap and
Test Method Std. 406, Over Wrap Over Wrap
Method 1042, psi 1,020 1,700
1,320 2,000
1,960
Volatiles (208491) 3% max 3.36 3.13 2.60 3.11
per TAP-DAP-122, % 3.24 3.26 2.53 3.06
3.26 3.13 2.62 3.06
Microtensile (208488) Report 8,300 21,400 10,100
per ASTM-D-1708, psi only 7,900 18,800 7,400
7,500 23,100 9,000

Component Properties of 260-SL-2 Exit-Cone Liner

Figure 11



Bond Joint

Inner Doublers to Plastle

ATt Flenge to Inner Doublers
{EBpon 913)

Inner Facing to Inner DoubleTs
(Epon 955)

Eoneycomb Core to Inner

Outer Fecing to Honeycomb
Core (Zpom $53)

Forward Flange ta Inner
Doubler (Epon 913)

Forwardi Flange to Plastie
Liner (Fpon 913)

Cuter Facings to Forward
Flange (Epon 955)

Cuter Pacings to Aft Flanges
{Epon 955)

Outer Doublers to Quter
Facings (Epon §55)

Report NASA CR-54982

Average Bond Shear

Bopdiine Thickness, in. Strength, psi
.07 .- 0.027 1540, 1829 (first cure)
1500, 2000 {third cure)
0.022 - 0,082 3240 (firet cure)
1928 (second cure)
0.007 - 0.013 851, 1664 {first cure) .
1574, 1843 (second cure)
0.007 » 0.013 851, 1664 {first cure)
157k, 1843 {second cure)
Trepan = T15
Flatwise Tenaile:
657 (firat cure)
717 {Becond cure)
Q.007 - 0,013 1006, 1388
Trepan - T29
Flatwise Tensile:
798
0.008 - 0.030 2397
0.012 - 0.040 2397
0.007 - G.013 1006, 1388
0.007 - 0.013 1006, 13688
0,007 - 0.013 1006, 1388

Exit-Cone Bonding Process Summary

Figure 12

Mtresonic Inspection

Doubler Ko, 3: One indlcation at
7-3/4 in. from edge snd 52-1/2 i,
from aft end 1/2 in., wide x

1-1/2 in. long. One indicstion et
19 in. from edge and 33-3/8 in.
from aft end 1/2 in. wide x 2 in.
long.

From 0°* (TDC) to 90° CCW (looking
aft) slgnsl sbove optimum bond by
meximm of 204 over 3-1/4 in. bond
at thickest crose-sectional area
of ring.

Not Applicable.

Not' Applicable.

Nonstandard Arees;

Panel No. 2: in. from fwd
flange 3 in. from left doubler
area 2-1/2 in. x 1/2 In., 46.5 in.
from fwd flange 3 in. from left
doubler ares 1 in. x 2 in.,

57.5% in, from fwd flange 3 in.
fram left doubler area 1 inm. X
2-1/2 i,

Panel Wo. 3: 7O in. from fwd
flange 3 lp. from left doubler
area 24 in. x 1/2 in. iotermittent.
Penel No. 11: 5 1n. from flange

2 in. from left doubler area

3 in. x 1/2 in.
renel No. 14:
3 in. from left doubler.
8 in. x 1/2 intermettent.

40,5 in. from flange
Area

No Indiecation.
No Imdicetion.
No Indicetion.
No Indication.

Nonstandard Areas:
Doubler No. 2: 27.5 in. fram
flange 1 in. from left end of
doubler 2-1/4 in. x 1/2 in. erea.
Doubler No. 3: 19 in. from
flange 1 in. from left end of
doubler 1 in. x 1/2 in, area.
21.5 in. from flange
1 in. from laft end of doubler
2-1/2 in. x 1/2 in. area.
43 in. from fiange
1 in. from left end of doubler
1 x 1/2 in. area
Doubier No, 5: 44,5 in. from
flange 2 in. from left end of
doubler 2 in, x 2-1/2 in. area.
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KR 80000 SA DEVICE

\ ANP-2758 MOD 1
MODIFIED POLARIS B3>/  PROPELLANT-1.160 LB

IGNITER-1400~-GM
oy CHAMBER-LADISH D-6ac

TOTALWEIGHT, LB 4700
AVERAGE THRUST,LBF____ 250,000
WEB DURATION,SEC___ - 0.6%
WER AVG CHAMBER PRESSURE,PSI__ 950

260-SL-2 Ignition Motor Assembly

30IN.

INTERICR
DIA
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BOOSTER
ADAPTER

—PELLET INITIATOR
2.0 GRAMS 2A-BPN

POWDER INITIATOR
2.0 GRAMS ALCLO-BBC

MAIN BOOSTER GRAIN
1400 GRAMS ALCLO-IRON

BOOSTER CHAMBER

PRIMARY BOOSTER GRAIN
78 GRAMS ALCLO-IRON

260-SL-2 Ignition Motor Booster
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Parameter : Requirement
Average thrust (nominal), 1bf 2,750,000
Maximum thrust (nominal), 1bf 3,500,000
Average chamber pressure (minimum), psia 450
Web action time (nomihal), sec 120
Standard specific impulse (minimum), lbf-sec/lbm ohp
Total impulse (minimum), lbf-sec 350,000,000
Pressure-vs~-time trace Neutral + 10%

Tmpulse between web action time and
action time {(maximum), % 6

Impulse after action time (maximum),% 1

Time between web action time and
action time (maximum), sec 20

Ballistic Performance Requirements

Bi<

Figure 15
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Boot Reiease

A

260-8L-2 Grain Configuration

Boot Release
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Material WtE
Ammonium perchlorate 69.000
Aluminum 15.000
Ferric oxide 0.750
PBAN-A terpolymer (50 equivalents) 8.723
Dodecenylsuccinic anhydride (50 equivalents) 0.696
Di (2-Ethylhexyl) adipate 3.811
Diepoxide (110 equivalents) 2.015
Silicone fluid | 0.005

100.000

260-5L-2 Propellant Formulation (u)

33=

Figure 17
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Material
PBAN-A terpolymer (7.% eqpivalentsj
Methylnadic anhydride {85.5 equivalents)
Poly (1,4-butylene) glycol (7.1 equivalents)
Diepoxide (107 equivalents)
Ferric acetylacetonate
Ferric oxide

Silicon dioxide

260-SL-2 Liner Formulation

A

34

Figure 18

Wt
26.99
16.64
T.77
40.98
1.00
1.86

100.00



Submix
H0, wtdh

PBAN, wt%
MNA, wth

Premix

Density, g/cc
Ash, wth
FeAA, wt%h

Liner

PBAN, wth
DER-332, wth

Report NASA CR-54982

Specification
Limits

Liner Batch

0.3 maximum

1.054 + 0.005
3.61 + 0.5
1.84% + 0.5

1+ 1+

27.0 + 10
41.0 + 8

1,011 L012 1013
0.024 0.025 0.027
53,7 5L.8 54,6
29.8 31.0 29.3
1.057 1.052 1.057
3.76 3.71 3.77
1.88 1.82 1.90
27.3 28.6 27.5
39.7 Lo.2 39.3

Acceptance Analysis of SD-850-2 Liner Batches Prepared for

Figure 19

Lining of Motor 260-SL-2

'§o<
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Propellant Casting Setup for Motor 260-SL-2
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Submix
HEO’ wté
Total Acid, eq/100g
DDS, wt%h
Density, g/ml

Refractive Index
Ash, wtd

Premix T

Density, g/ml
Fe203, wtd,

Premix II

Density, g/ml

H,0, wi%

Gas cc/g

Report NASA CR-5L4082

Average
0.0283

0.07916
5.410
0.9331
1.49197
0.316%

0.9757
5.357

1.4536
0.0104

0.0236

Standard

0.00676

0.000888
0.1372
(.00098
0.000155
0.0862

0.00111
0.0977

0.00083
0.00511

0.00890

*Three very low values excluded (first, second and fifth batches).

Note: Forty-six submixes and premixes were analyzed.

Submix and Premix Analysis

Figure 21

S



Process Motor
Continuous 260-8L-2
260-8L-1
Batch 260-8L-2
260-8L-1
Continuous  260-3L-2
Plus Batch 260-SL-1

4

Report NASA CR=-54982

Pof-to-Pot

No. Sample~to-Sample No.
Standerd of Standard of
Mean Deviation Pots Deviation Samples
0.4483  0.0093 82 0.0124 164
0.4453  0.0070 86 0.0092 172
0.4b10  0.0043 188
0.4440  0.0043 189
0.4439  0,0071 270
0.44l5  0.0053 275

Note: Standard deviations include test precision.

Liquid Strand Burning Rate of ANB-3105 Propellant Processed for

I8<

Motors 260-SL-1 and 260-SL-2

Rigure 22
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Process Motor
Continuous 260-8L-2

260-8L-~1
Batch 260-38L-2

260-8L-1
Continuous 260=8L-2
Plus Batch

260-8L-1
Note:

Standard deviations include test precision.

Uncured Density of ANB-3105 Propellant Processed for Motors 260-SL-1 and -2

Mean

1.7515
1.7507

1.7521

1,751k

1.7519

1.7511

Pot-to~Pot

Theoretical Standard No. of Sample -to-Sample
Value Deviation Pots Standard Deviation
1.752 0.0019 82 0.0025
1.751 0.0018 86 0.0022
1.752 0.0010 188
1.751 0.0011 159
1.752 0. 00Li 270
1.751 0.0018 275

No. of

Semples

164

17e

2Q6n6=uD VYN 3xoday



Process Motor

Continuous 260-SL-2
260-8L-1

Batch 260-8L-2
260-8L-1

Continuous  260-8L-2

Plus Batch
260-8L-1

Report NASA CR-54982

Pot~to-Pot No. Sample-to-Sample No.
Theoretical Standard of Standard of
Mean Value Deviation Pots Deviation Samples
2,000 2.015 0.0313 82 0.03%4 164
1.871 1.872 0.0247 86 0.0303 172
2.010 2.015 0.0276 188
1.872 1.872 0.0232 189
2.008 2.015 0.0291 270
1.872 1.872 0.0237 275

Note: Standard deviations include test precision.

DER-332 Content of ANB-3105 Propellant Processed for Motors
260-5L-1 and 260-SL-2

- 1830<

Figure 24
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260-8L-1 260-8L-2
Mean AP Content 69.14 69.14
Pot-to-Pot Standard Deviation 0.392 0.362
No. of Pots : 86 82
Sample-to-Sample Standard Deviation 0.442 0.427
No. of Samples 172 164

Note: ©Standard deviations include test precision.

Ammonium Perchlorate Content of Continuous Mixed ANB-3105
Propellant for Motors 260-SL-1 and 260-5L-2

Figure 25 104<



Mechanical Properties at T7°F

Maximum Tensile Strength,
8mn? pel

Mean
Standard Deviation

Elongation at Maximum Stress,
yom :

Mean
Standard Daviation

Elongation at Break,Tb , %

Mean .
Standard Deviation

Initial Modulus, E,, psi

Mean
Standard Deviation

7

Report NASA CR-54LO82

Cure Time at 135°F

B 20 2 2B
87 93 97 101
6.5 8.3 7.5 6.1
K-S 1 § K o) 30
2.4k 2.9 2.8 2.0
B - 39 38 38
5.. 5. L5 4.0
35 393 hop Lk
31.8 L40.8 36.2 34.3

Semples from every sixth pot; total of 32 vertical batch
mixed pots and 15 centinuous mixed pots

Mechanical Properties of Propellant vs Cure Time

102<

Bigure 26

K

29
2.2

35
3.7

465
37.b
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Mechanical Properties at 77°F*
Srm, psi - m, % b, % Eo, psi

Vertical Batch Mix (n = 188)

Mean 98 27 32 L5k
Standard Deviation 8.0 2.8 .7 33.5

Continuous Mix (n = 81)

Mean 106 30 38 L52
Standard Deviation 5.3 1.8 3.2 33.2

Vertical + Contimuous Mix (n = 269)

Mean 101 28 33 453
Standard Deviation 7.9 2.9 5.1 33.3

* Semples taken from each of 269 pots cast into the motor
and tested at the start of motor cooldown -- cure times

ranging from 28 to 37 days at 135°F. : i

Mechanical Properties of Propellant after Cure

163+

Figure 27



Batch
€135
cik
C1h7
C153
C159
€165
€171
c177
cias
c189
€195
c213
c207
Cc217
B249

#*  Maximum strain level tested - 20%

#* One bar of twe tested

Max. Btrain
Level Held®*

184<

20
20
20
20
20
20
20
20
20
20

20

20
20

20

Report NASA CR-54982

Batch

B25k4
B260
B266
B272
B278
B284
B290
B296
B308
B320
B326
B338
B350
B368
B3Th

Max. Btraln
Level Held¥#

20

20
20%%
20
20
20
20
20
20
20
20
20

20

Batch
B386
B392
B398
B410
B416
B428
Bh43h
B439
B31k
B332
B3k
B362
B356
B380
BLOY

Propellant Constant Strain Properties

Figure 28

Max. Strain
Level Held*

20
20
20
20
20
20

20

20

15%%, 20

20

15%#, 20M#
20

20

20%%
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Distance From Aft End of Grain, in.

Report NASA CR-54982

0
O Errect of Potting
100 =
(Y]
Time After
A Motor Core Removal
200 n
O 260-8L-2 1 to k4 hr
O 260-5L-2 7 days
» 0 [
300 @ 260-SL-1 8 days
| A 260-8L-2 15 days
o @
4oo
H
500
600
lp predicted for 24 hr
|, After Core Removal
T00
800
1.0 0.5 0 -0.5 =-1.0 -1.5 -2.0
Radial Deflection, in.
166 < Grain Bore Deflection Comparison for Motors 260-SL-1 and -2

Figure 30
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Casting house

M ] M8

Motion Picture Placement

=0
1 ‘ I ML

Ignitexr motor I
Impact area / __I
LEGEND
M2 and 6 = Milliken at 40O frames/sec.

ML, 3, 4, 5, and T

Milliken at 200 frames/sec.
Milliken at 64 frames/sec.

M3 ana 9
: Hulcher at 5 frames/sec.

Hl

NOTES

1.
2.

All cameras will be loaded with ¢olor film.
Operation of M¥ must be fail-safe Iin case
of' control cable rupture.
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f Test Setup

lew O

Overall V

Figure 33
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Figure 34

110<

Pretest View of Quench System
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Pretest View of Horizontal Stabilizers and Retention Rods
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Report NAS3-6284 PFT-6

Acquisition Chaunnels

Pressure, force, and strain 36%
Temperature ol %%
Linear motion 12
High frequency 12
Photo instrumentation | g¥x%

Recording Instruments

*¥x

*XH

13=<

Osecillographs 7
Strip charts 2
Tape recorder 1

Television monitor 1

. Twelve amplified channels.

Temperature sampling techniques can increase the number of
temperature parameters by 15 per channel.

Camera capabilities can be increased through the use of
parallel patching circuits and remote motor-generator sets.

However, the cameras powered by the motor-generator sets will
not have timing and fire-switch indication.

A-DD Instrumentation Capability

Figure 37
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A-DD Test Facility Electrical Control Schematic
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A. Bensing Instrumente Type Chennel Model Range
1. Chamber Pressure Presesure Pel Taber 206 0 to 750 psig
‘Transducer . Pe2 Taber 206 0 to 750 paig

Pc3 Taber 206 0 to 750 psig
PeIM Standard Controls, 0 to 2000 peig
PiIM Ine., 900-27 O to 2000 peig

2, Thrust Load Cell Fyla Baldwin-Lima-Eamilton O to 5,000,000 Ip

: Pyl Type C1AS, 8/F 37000

Fy2a Baldvin-Lima-Bamllton 0 to 5,000,008 1b
Fy2o Type ClAS, SN 36353
Fy3A Pledwin-Lima-Hamilton 0 to 5,000,000 1b
Fy3iC Type C1AS, 5/N 37001

3. Vibration/Shock Accelerometer al Endeves 2240 + 200 g
GLA + 25¢g
G2 ¥0g
@3 + 3¢
Gh + 258
a5 + 0g
ab + D8
a7 + 0g
a8 ¥ 150 g
a9 +150 &
610 T 200¢
g11 * 508

L. Temperature The mocouples ™ Chromel-Alumel 0 to SGO°F
thraugh
T36

-
5. Straln Strain Gages 81 Baldwin-Lima-Bamilton  N/A
: through Type FAP-2512

310

6. Growth Strain Gages 511 Baldwin-Lima-Bamiltor  H/A

-{Circumferential} through Type PA-18

a1k

3. Amplifiers

Kintell, Model 1124
Model 11LAT

Dana, Model 2211

C.” Recording Instruments

0Oscillographe

Rl Honeywell Vieicorder, Model 1612

R2 Consolidated Electrodynemies Corp., Model 5-119
R3 Consolidated Electrodynemics Corp., Medel 5-119
Rl Consplidated Electrodynamics Corp., Medel 5-119
R5 Consolidated Electrodynamics Corp., Model 5-119

Tape Recorder
Amplex, Model FR1200
Recording Speed
RL 40 and b in/see
B2 10 in/eec
R3 10 in/eec
R4 10 in/sec
RS 10 in/eec
Ampex 60 1n/sec
D. Galvonometers

Presgure ahd thrust channels, CEC Type 316 or 320
Tempersature and Strain channels, CEC Type 315

Motor 260-SL-2 Instrumentation Summary
1AS<

Figure 39
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260-SL-2

Fireswitch actuation (1900 hr,, 23 Feb. 1966)

Ignition interval, ignition motor
260=SL~2 chamber pressure reaches 125 psia

Release control unit No, 2 logic satisfied,
explosive bolt command triggered

Bxplosive bolts fire
Ignition inlerval, motor 260-SL+2
Ignition motor pressure data lost

Ignition motor and sled reach top of track,
retraction command initiated

First movement of tower

Tower retraction completed

Maximum chamber pressure reached (601 psia)
End of ﬁeb action time

EBnd of action time

Quench boom insertion initiated |

€O, quench accomplished

Time-Event Summary

PFigure 43

Tower
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PEAK VIBRATION ACCELERATION AMPLITUDE AND PREDOMINANT FREQUENCY

260-SL=1 STATIC FIRING 260-SL=2 STATIC FIRING

START TRANSIENT STEADY OPERATION START TRANSIENT . STEADY OPERATION

LOCATION Ampl. g's Freq, = CPS  Ampl, g's Freq. = CPS  Ampl, gts Freq. -~ CPS Ampl, g's Freq. - CPS
GCAP-Y=000-2, 5 587 140 12 160 450 120 10 160
" Pwd, Dome, Longitudinal

GCE-~Y-000-70 ) _

Fwd. Dome, Longitudinal  TRANSDUCER MALFUNCTIONED AT IGNITION 231 200 8 160
GOC=Nm000-350 3,5 .40 INSTGNIFICANT 4 50 oUT

Case Center, lateral 5.0 1000 ’ 5,0 1000 ‘

GCC=Em000=9 5 442 40 INSIGNIFICANT 27 300 5 250
Y Joint, Lateral 8 1000 6 1000 INSIGNIFICANT
N Y=000=229 50 160 3.5 160 63 160 4 : 160
Aft. Closure, Longitudinal

N=Xm000=229 55 160 3,5 160 53 160 10 100-160
Aft, Closure, Lateral

GNaXm000m168m5 77 2000 6 160 90 2000 6 160
Nozzle Throat, Lateral 10 1000 10 2000
@=Y=000-117.25 62 1=2000 INSIGNIFICANT

INSIGNIFICANT 80=100 12000
Exit Cone Joint, Longitudinal .

Na=X=000-117,25 94 12000

INSIGNIFICANT 210 1=2000 INSIGJIFICAN'P
Exit Cone Joint, Lateral
GN=Z=270=28 214 2000 26 1=2000 190 2000 25=30 1=2000
Exit Cone, Lateral 90 300 ‘ 90 300
GHauX=000-28
Exit Cone, Lateral NOT RECORDED ’ 210 2000
100 200 25=30 1=2000

20615~4D VSYN 2xoday
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>F2Y

Chamber Pressure, psia

600

400

Meridional

Rydrostatic Test

1000

Chamber Strain, Locations §-3 and S$-4

2000
Strain, microin,/ in,

ZREHG-HD YOYN 3aoday



9t 23n3Td4

Chamber Pressure, psila

=S

8

Hydroteést

Hydrotest

Meridional

Chamber Strain, Locations 5-5 and 5-6

2000

Strain, microin./in.

3000

2e6MS-HD VSVN asoday
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>EF

Chambe1 Pressure, psia

600

400

200

Meridional

Hoop

.

1000

2000

3000

Strain, microin./in.

Chamber Strain,

Locations S-7 and S-8

2g6M6=40 VSYN aoday
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Chamber Pressure, psla

>PST

600

8

S~15

. S-16

[ S5-17

~400 «500

Strain, microin./in,

Chamber Strain, Locations 5-15, 5-16 and 5-17

=500

«1000
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Total motor wt & T, O-
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Event 260-SL-1 sﬁﬁo- L-2

Fire Switch
Initial Initiator Pressure 0.005 0.005
Peak Initiator Pressure . . 0.030 0.034
Peak Booster Pressure : 0.090 0.085
Ignition Motor Ignition Interval ' 0.142 0.138
First Motor Propellant Ignition ' . 0.180 0.175
Igniter Release.COntrol Unit Triggered 0.225 0.223
Tgniter Relesse Control Unit Logic Setisfied " 0.257 0.255
Final Relay Closure to Explosive Bolt Capacitor Bank 0.287 0.289
Ignition Motor and Support Fixture Moves 3 in., 0.311 0.312
Motor Ignition Interval 0.340 0.336
Ignition Motor and Support Fixture Moves 10.4 ft 0.438 0.445
Tgnition Motor and Support Fixture Reaches Top of

Prack; Tower Retraction Actuated 0.604 0.545%
First Motion ef Tower Retraction Linkage : 0.61k4 0.570%
Tower Retractién and Retard Complete _ 5.2 h.8%

¥The Tower @ssembly chammel-track was shortened 15 £t for the 260-SL-2 motor test
as a result, the vehicle actuated the retraction-cormand breekwire at the top of
the track at an earlier time.

260~SL Motor Ignition Sequence.

186+<

Figure 50
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Posttest View of Ignition Motor and Sled Assembly
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STMHARY OF 260=SL IGHNITICH HJTOR AMD BOOSTER ASSEMBLY BALLISTIC PERFORMARCE DATA

>82T

Kassured pressure data lost st 0,130 ssc; pressure ealculated from thrust datd.
Thrust date lost wt 0,300 seo.

Tima from fire mwitoh to 75¥ of the ignition motor weh mversge presmurw,
Instromotation cable lost at 0.58 sec.

Instrumentation osble lost at 0.330 mec,

Instrossrtation cahle lost at 0.30 soc.

Booster 260=DE~03 260-1MB-0l 260-~IMB-05
Maxirain ¥oitistor Fressure, pals haby Les Lk
Time to Meximon Imitiator Pressurs, paia 0.027 Q.028 0.028
Faximmm Opsrating Prassurs, pala $30 ol 1038
Time to Maximom Operating Prassure, sed 0.088 Q,070 0071
1gnition Motor B 260-T401 260-In-02
Propeliast Weight, 1b : g:ol:‘w' nss 1156
Haximm Prossure, paia ' omly 1103 1128(1)
Web Aversge Pressure, pmia 95 2]
Web Drrmtion, paia 0.0655 @
Macimce Thrust, b 272,000 278,000
Marimm Kass Flow Hate, 1b/sea 1216 1245
Igation Totervnd (3, oec - 0,125 0,125
Type of Test Opem Adr Open Ay Frea
. Volume
e e LSRN, ERE doin
Vorificatico Performense
Rariticatian
Data Fired 1¢ May 196hL 1B June 196k 22 July 196,

- Summary of 260-SL

260-IHB-06
et Y
uBa
0,028
1023
Q.072
250-IM-03

nrn

9eh
0,730
250,000

0,135

Volume

Igmition
Capabiild gy

A Jaly L

260-DB-10
Sl
2000
636
0,100

260-TH-05
ury
960
900
0.710
237,000
1058
0,13

Ignition System
Oper. Air

260-1MB-11
0.034

Q.0
260=TH-Dl)

pers]

w0

L)

)

237,K0

1058

0,150

Ignition dystem
Opemn Air

260-1MB-12 260-TMB-08 260=-IMB=13 260-T09
L7 503 53 551
0,027 a.030 0.033 0.034
S s 893 T3,
0,080 0.090 0.073 0,085
B/ 260-TH-06 7Y 260-0:00
Bacatay 1175 Boortar us
Test Test
Gy 950 only 957
(5} {6)
(5) 8
232,000 234,000
1oho oLs
0.1h2 0.138
Qpen Adr 260=51-) Open Air 260uL=2
Hotor Firing Motor Firiog
Ferify Condition Afbeling TVarify Condition ATt-End
of Booster Igmition af Donstar Igedtion
Py Par o Pr for o
260=5L=1 260-3L-2
15 Jurs 1965 25 Sept 1965 23 Fov 1965 3 Feb 1965

Ignition Motor and Booster Assembly Ballistic
Performance Data

2E6HS~HD VSYN qaoday



£c aIndTy

>63 T

R >

2'65 "--..I.f"‘ —é\
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- [000. ==
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©; - INITIAL PLUME EXPANSION
ANGLE AT 4.7 PSIA.

Flow Conditions in Motor Nozzle Prior to Propellant Ignition

2e6nS=40 VSN jxodsy



s 23ndtg

| I
- JdP P81
500 T2 s\
| | >¥’
4P « 248025 |
u | slc'jzj:;/’ | A~
& 400 AE . aen 2. 4 - %k,
§= : = s“-~\\\' P il
0 d ) — - d
W @] 1 pad
g 300 T BT >
P .
g %ﬂmz-. | 7 ~
8 200 ' z— PREDICTED Fom
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Totel impulse (action time), 1lbf-sec
Delivered specific impulse, 1bf-sec/lbm
Standard specific impulse, lbf-sec/ltm
Propellant weight, 1bm

Web action time, sec

Action time, sec

Maximum pressure, psiea

Average pressure (web action time), psia
Average pressure (action time), psia
Meximum thrust, 1bf

Average thrust (web action time), 1bf
Average thrust (action time), 1bf

Web thickness (average), in.

Propellant burning rate at 600 psia, in,/sec
Nozzle throat diameter, initisl/final, in.

Nozzle throat area, initiml/final, sq. in.

Nozzle expansion ratio, initial

Nozzle exit cone half-angle, degrees

13i<

Figure 55

Predicted

369, 700, 000
227.5
246

1,673,000
114.9
129.8

60k
531
493

3,519,000

3,089,000

2,848,000
52.15
0.460

71.00/72.46

3959/4123

6.0
17.5

Ballistic Performance Summary (u)

Actual

371,901, 000
228.9
246.1

1,673,000
114,0
129.8

601
530
489

3, 564,000

3,142,000

2,865,000
52.15
0.460

71.00/72.25

3959/4100

6.0
17.5



| Pressure
Tl

Chember Pressure, psila

9¢ 2Indty

Thrust, 1bf x :0-4

>20T

1%] 50 60 T0 Bo 20 100

Time, sec

Actual 260-SL-2 Ballistic Performance Curve (u)
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Chamber Pressure, psia

TGO

&0G

500

400

300

200

100

|

— Predicted Pressure

=
/ ‘-"'h-

o

Actual Pressure

i0

20

30 Lo 50 i) 0 go 90 100

Time, sec

Predicted 260-SL-2 Ballistic Performance Curve

110
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>GET

Burning Rate Correction, %

-2

-k

Q 10 20 30 - ko 50 60 0

Web Action Time, %

Burning Rate Correction as a Function of Web Action Time

90
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Purning Rate Correction, %

+3

i F———_ -

+2

+1

-

=4 ;*——_ p———

200 300 400 500 600 700 800

0] 100

Grain Iength, in.

Burning Rate Adjustment as a Function of Grain Length
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Chember Pressure, poia

L9 a3ty

700

=

Motor 260-5.

Motor 260-5L-1

300

200]

1c0

Time, sec

Comparison of Ballistic Performance of Motors 260-SL-1 and -2

— T
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>8ET

E70°

IS ATION
SURFACE MOT
ERODED

{NSULATION SURFACE MOT ERODED

82097

Tan SUREACE
Ar LEOSE CHAR OF

SOCT TO /MISULATION
BAND ARER

THIS
ARER

v0°

180°

@06 6 6

THIS CRACK 55 25 L/2% LONG & 9/16" WIDE X 0. 4" DELP,

THIS CRACK 1§ 2Z L /2" LONG &k 1/4" WIDE, APPROXIMATELY 5/8" DEEP,
THERE WAS 0,9" OF INSULATICN PENEATH THEE HARD SUBRFACE UNDER
THE CRACK & THE CASE. A FROBE 2" FROM THE GRACK INDICATED

L 4" OF INSULATICN, WHEN THIS PIECE WAS REMCGVED, THERE WAS
NO EVIOENCE THAT THE CRACK WaAS OPEN TO THFE CASE,

THES SEAM WAS OPEN FOR ¢3 58" FROM THE QC 10 INBULATION
SEAM AND THE BEAST SIDE OF THE v-b1 HAD SEFARATED FROM THE
ADFACENT SEGMENT, THIS SEAM WAS THE RARROWEST OF ALL
THE FWD. DHULATION SEAMS.

THRS SEAM WAB OPEN TU STEEL CABE FOB I0' GENTERED ¥T" FROM
THE V-4 DISC SEAM. SOME GRELN ¥-61 REMAINED AT THE BASL
OF THE SEAM.

THE INSULATION SECMENT APPARENTLY FULLED AWAT OR SHEANK
FAOMW THE V-41 AND WAS OPLN TO THE STEEL CASE. THE V-1
APPEARECD TO BE FULLY CHARBELD.

THIS IS THE AREA OF "COOXEDR" IR5ULATION. THE SURFACK IS
HARD, CRACKED & HAS THE APPEARANCE OF CORE., ALMOST
ALL OF THIS AREA TO THE FWD, DISC WAS UNBONDED k HAS
BEEN REMOVED FROM THE FWO, HEAD. THE STEEL CASE WAS
FROTECTED BY EPON 948 OR PRIMEA & THEREL WAS NO BARL
METAL. THE FWD, DISC WAS LOO% BONDED.

SMALL WAVY LINES INDICATE THE OBECTION OF CRACKS

IN EACH SEGMENT OF FWD, TNSULATION, WUMEROUS CRACKS
WERE VISIALE IH THIS "COOXED" RUBBER AREA,

Posttest Condition of Forward Head Insulation

267540 VSYN 2xoday
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Posttest View of Forward Head Insulation

Figure 63
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Posttest View of Forward Insulation

140«

Figure 6L
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a7 Vw0 | 22| 7| s 2

axz| at| ree| — | asd aae| 128
ez | ar | 28| 40| ced 25] 220
— = —la# —[—] —

Figure 65

127

Posttest View of Aft Head Insulation
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Posttest View of Aft Head Insulation with FMC-200 Potting Compound Removed -

Figure 6 142
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4,36 20~31-1 INITIAL 4
A - |
I m‘rm HICDIRSS
1,28 NXPRCTED
1085 IN 260-AL-2 ™ -
1,4 MAXIMUM
i, = o —
MAXIMUM BROSION PRORILE _— -

A
’,/’

(.

M 260-SL-2

KIVECTED KROSION PROFILE IN
260wSL~2 BASED ON MAXIMIM
EROSION OBTAINED XN 260-3L-1

143<

Predicted and Actual Aft Head Insulation Erosion

Figure 67
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Black Charred V-£61

Brown Heat-Affected V-51

Tan Heat-Affccted
Iayer of V-4b4

V-4l Rubber
V=61 Seam

Forward Seam (Aft of 180 in. Diameter)

Black Charred V-61 Black Charred V-4l
Tan Heat-Affected

A =61
Brown Head-Alfected V-6 Teyer of V-l

AN,

Determined by 0.0l5 Feeler Gage

V-44 Rubber

V-61 Seam

ATt Seam

Posttest Condition of Motor 260-SL-2 Insulation Seams

144<

Figure 68
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Posttest View of Firing Cap Insulation

Figure 69
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Ares
-5.580 V-Li
-3.10 v-hh
-2.58 V-l
-1.98 V-bh and MX-26U6
-1.60 MA-4G26
~1.01 MX-L926
-1.22 MX-L926
-1.06 Mx-4o26
1.00 MX-4926
1.10 MX-4G26

Predicted Surfmce Recession, in.*

Actual Surface Recessglon, in.*

Radial Iocation, degrees

Based on Eeat

Based con Avg

Transfer Analysis 260-5L-1 Dats Q A0 120 180 240 300 Avg Min Max
143 0.65 0.79 0.83 0.85 ©0.92 0.85 0.63 0.81 0.63 0.92
b.23™ 448 b1k 3.87 bk b0 L2000 LS5 22 3.87 .55
5.00" 6.18 5.98 k.94  5.30 5.63 5.u4 5.98 5.55 k.94 5.98
6.70%F 6.73 6.50 5.22 5.40 5.73 5.58 6.12  5.76 5.22 - 6.50
0.35 0.37 ¢.33 ©.2T  ©.35 0.20 0.1k 0.32 0.27 0.1h 0.36
0.38 0.51 0.74  ©0.67 0.72 0.55 0.59 0.77 0.6T 0.55 0.77

to0.43 0.67 0.85 0.76 0.88 0.68 0.67 0.87 0.79 0.67 0.88
0.b7 0.84 0.8 0.8. o0.81 o¢.80 0.75 0.91 0.82 0.75 0.91
0.48 0.70 0.56 0.59 ©.56 0.67 0.5% 0.71 0.6l 0.56 0.71
0.k 0.28 0.17 ©.13 6.0 9.1} 0.25 0.17 0.15 0.09 0.25

¥ Depth measured normal to original exposed surface.
#xy-4L recession based on empiricel large motor data.

~GF

Surface Recession of Motor Nozzle

206%6-90 VSYN 3aoday
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>LBT

E:1.60

.#??f

§ OVERWRAR

\- MA-4825 LINER

. \ Fastzl ovERwRS
\- MK 2926 LINER

©r3.10

PREFIR.EQ
CONTOUR
&
18,
AVERALE POSTFIRCD
| ERESI0M PROFILE \
-y-ad4 RUBBER .ﬂ SURFACE_RELESSON, IM {I]
| E |FREDICTID, ACTUAL
Tia AREA | ™ WEaT VG OF 6
RATI] | TRINSFER | RADIAL
. — HI-NICKEL STL SHELL ANALYSIS | STATIDNS
£e3.80— ~ 171.00 | 5.80 1.43 .8l
\ 1zsc0 | 1.0 4.23 4.zl
PRIDILTED 00 | 2.68 =.00 5,55
€ROSION PROFILE eao T es 1 570 e
20.00 i.8Q 35 .27
84.20 | L4l 38 .67
1840 | 122 43 .79
23.00 | 1.06 a7 Bl
TLOO 1.0O .48 B2
T4.50 LG 42 5
98.00 o0 22 4.0% ()

[I] DEFTH WMEASURLD NORMAL TO
QRIGINAL EXPOSED SURFACLE .

(2] D REFLECTS OVERHLATING AMWD
COMTRACTION OF AFY 16 INCHES QF
THROAT TXTERSION CARBOW INSERT.

Nozzle Surface Recession Profile, Motor 260-SL-2

! .
”-Fm—snal VERWR AP
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260-5L -+ ——
PRE-FIRE CONTOUR "~

2GO-BL-2
260-5L -1 ——.
POST-FIRE CONTOUR™

A

2BY-5L-2 —— —
oid FOST-FIRE CaMTOUR™

=81

b E-3.10
FRE-FIRT CONTOUR" -
“

£=2.58

\—\hdd INSULATION

-MX4926 LINER

\\_ “FMEIZ OVCRWRAP ,
SMY 4626 LINER
MX 4926 LINER T

\\\
w2646 LINER

£ OVERWRAP

\HI'NWCKQ. STL SHELL

& JAVERAGT SWRFALE,
aRTA RECLSESI0N, 1M

Rat i (260 52| reasi

5.80 Q.8 0.@%

EN- RS 4 A

2.58 5.55 @18

38| 5.76 | @13

I.RQ 2.27 37

1.4l Q.87 Q.51

r.22 ©.78 0.a7

1.0& 2.2 Q.84

.00 G810 Q.10

Lo Q.15 Q.28

190 |« QU 0%

1 DEFTH

MEASURED MORMAL TQ ORIGINAL CXPOSED

SURFACE, ACTUAL AvG OF 6 RADIAL STATIONS.
{2) DIM_REFLECTS DVERHEATING AND COMTRACTHIN OF
AFT 16 INCHES OF THROAT EXTENSION CaRBOM INSERT.

Nozzle Surface Recession Profiles, Motor 260-SL-1 and

‘,—f\l 5i7) OVERWR,

-2

AP
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Figure 73

Nozzle Insulation Brosion Profile
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ozzle Erosion Cont

Figure Th
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Figure 85

Posttest View of Ignition Motor Track Assembly
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Nozzle

Panels Ipcated on Pad
Maximum indicated temperatures are noted on each panel

Location of Temperature Indication Paint Panels
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Figure 86
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APPENDIX

INSTRUMENTATION PLAN, MOTOR 260-8L-2
STATIC TEST
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INSTRUMENTATION PLAN

Motor 260-51-2 Static Test

Range

I. Ballistic Evaluation

rl
c

P2

0-750 psig
0;750 psig
0-T750 psig
0-2.0 x 105 1b
0-2.0 x 108 1b
0-2.0 x 106 1nv
0.2.0 x 108 1b
0.2.0 x 10° 11
0-2.0 x 108 1p

0-1500 psig

0-1500 psig

IT. Chamber and szzlé Heating

(T1) (2) Top-000-2.5 o§5oo°F

(Ta) TCF'337'5'12-0

0-500°F

Recording
Method (1)

R2; Bristol
Ampex

Rl; R
Ampex

R3; Ampex
R2; RL
Anmpex

R2
Ampex

R®; RL
AmpeXx

R2
Ampex

K; R
Ampex

R2
Ampex

Rl; R2
Ampex

R2
Ampex

R5 (sempled)

RS (sampled)

Page 1

ILocation and Purpose

Chember presgure measured
at forward cap

Chember pressure measured
at forward cap

Chamber pressure measured
at forward cap

Rocket motor axial thrust

Note:

Approx.
Condition Ioad/Cell

l. Pretest
Zero

&87,000 1b

2. Max Lead 1,700,000 1b

3, Posttest
Zeroc

121,000 1b

Igniter motor chamber
pressure

Igniter motor booster
chamber pressure

Temperature of forward
cap opposite silicone
rubber step joint

Forward head temperature
opposite Germax/V-61

Joint surface
i

164=
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Recording
Function ’ Range Method !l! 7 location end Purpose

(73) T, .-112.5-56.6  0-500°F R5 (sampled) Forward head temperature
CF opposite V-61 joint at
max. exposure

(B4) T _-000-595.0 0-500°F - RS (sampled) Chamber temperature
cc opposite forward cylinder
insulation at max.
exposure

(T5) ch-270-595.0 0-500°F RS (sampled) Chenber temperature
’ opposite forward cylinder
insulation at max.
exposure
(T6) T g-000-350.0 0-500°F . RS (sampled) Chamber temperature
opposite mid-chamber
cylinder insulation at
max. exposure

c

(T7) TCC-270-350.0 0-S00°F R5 (sampled) Seme as (T6)

(T8) Tpn-000-114.0 0-500°F RS (sampled Chamber temperature
opposite aft-cylinder
insulation at max.
exposure

(T9) Tp-060-114.0 0-500°F RS (sampled) Chamber temperature
opposite aft-cylinder
insulation at minimum
exposure

(T10) IbC-IEO-llh.O 0-500°F R5 {sampled) Same es (T8)

(T11) T,-180-114.0 0-500°F RS {ssmpled) Same as {T9)

(T12) chfzho-llh.o 0-500°F RS (sempled) Same as {18)

(1T13) TCC-300-11h.0 0«500°F RS (sampled) seme as (T9)

(Tlh) Tap-022.5-12.0  0-500°F RS (sampled) Aft-head temperature

: ) : opposite V-61 joint near
edge of ray

(T15) Toa~022.5-1.0 0-500°F RS {sampled Aft-head temperature
opposite V-61 joint near
edge of ray

(T16) Toy-112.5-1.0 0-500°F R5 (sampled) Aft-heed temperature

opposite V-61 joint near
center of ray

165<
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Recording
Function Range Method (1) Location and Purpose

(A7) Ty-180-1.0 0-500°F R5 (sampled) Aft-head temperature
center of star point

(T18) Ty-000-229.0 0-500°F RS (sampled) Nozzle temperature
opposite step joint at
center of ray

(T19) TN-O9O-229.0 0-500°F RS (sampled) Nozzle temperature
opposite step Joint near
edge of ray

(T20) Ty-000-200.0 0-500°F R5 (sampled Nozzle temperature

N
opposite point of
maximum predicted imsula-
tion erosion

(T21l) Ty-030-200.0 0-500°F RS (sempled) seme as (T20)

(T22) T, -180-200.0 0-500°F RS (sampled game as (TR0

N

(T23) TN-270-200.0 0-500°F R5 (sampled) game as (T20)

{12k ) TN-OOO-lTT.O 0-500°F RS (sempled) Nozzle tempersture
opposite throat insert
forward joint

(T25) Ty-090-177.0 0-500°F RS (sampled) Same as (T24)

(T26) TN-OOO—163.O 0-500°F - R5 (sampled) Nozzle temperature
opposite throat insert
aft joint

(T27) TyE-090-163.0 0-500°F RS (sempled) Same as (T26)

{T28) Tyg-000-117.0 0=-500°F RS {sampled} Exit cone attach flange
temperature opposite
nozzle/exit cone joint

(T29) TNE-lBO-llT.O 0-S00°F R5 (sampled) seme as (T28)

(T30) TNE-270-73.0 0-500°F R5 (sampled) Temperature of exit

; cone skin copposite
graphite and silica
interface

T31) T, -270-72.0 (A) 0-500°F R5 (sampled) Ambient temperature
NE

. adjacent to exit comne

skin
T32) Ty -2T70-27.0 0-50Q0°F R5 (sampled Exit cone skin
NE

temperature adjacent to
cork insulation

- 166«
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Recording
Function Range Method !1! Iocation and Purpose

(133) T,__-270-10.0 (A) 0-500°F RS (sampled) Ambient tempersture
: RE ' adjacent to exit cone
gkin .

(T34) TNE-ETO-lbO 0=500°F RS (sampled) Temperature of exit cone
aft flange adjacent to
(811) and under the V-61
insulation :

(T35) Spere
(T36) Spare

III. Motor Vibration and Shock

(a1) (Q)GCAP’V’O9O'2'5 +500 g Ampex Messure ignition shock
. and any oscillatory
burning at the forward
cep in longitudinal axis.

(GlA)GCAP-y-090-2.5 +25 g Ampex Monitor steady-stete
vibration level at forward
cap

(&) Gup-y-000-70.0 +200 g Ampex . Measure ignition shock
and any oscillatory
burning on the forward
head in the longltudinsl
exis.

(G3) Gpg-x-000-350.0 +10 g Ampex Monitor case vibration
- in radial axis at center
of chamber

(G4) Gpg-X-000-95.0 +10 g Ampex Monitor case vibration
in redial axis at aft
end of chamber.

(G5) GN-y-OOO-229.O . +50 g Ampex Determine vibration and
. shock at aft head and
nozzle interface in
longitudinal axis.

(@s) @

N-x-000-229.0 +50 g Ampex Determine vibration and

shock at aft head and
nozzle interface in
radisl exis.

(G7) Gy-x-000-168.5 +50 g Ampex . Monitor vibration at nozzle
throat section; detect any

failures and define environ-
ment for future TVC systems.

167 <

Page 4



Function

Report NASA CR-5L982

(G8) Gy-y~000.117.25 +100

(G9) Gyp-*-000-117.25 +100

{gLo) GNE—Z-ETO-EB.O 1?00

(G11l) Gyp-x-000-28.0 . +200

Nozzle and Exit-Cone Strain

{31) (?)SN_A-ooo-eoa.s -300

(s2) SN—T~DOO-208.5 2500

* N
(s3) SCC-A—OOO-203.0 1000

*
(s4) sCCaT-ooo-203.o 5000

(85)*5p-A-000-11.0 5000

(s6)*sCF-T-ooo-11.o 2500

(8T )*sp-A-000-12.0 5000

(58)*8op-T-000-12:0 2500
{59) 8yqg~T-000-1.0 +1000
(s10) SNE-T~27O-1.O +1000
(s11) SNE—T-O90-1.O +1000
(812) Syp-t-180-1.0  +1000

i

&

aln./in,

ain, /in.

ain./in,

win./in.

win,/in,

uin./in.

win. /in.

win./in.

oin, fin,
Atin./in.
4¢in./in.

win. /in.

Recording

Method gll

Anpex

Ampex

Ampex

Ampex

Rh4
R4

Rk

a

&

R3

R3

Iocation and Purpose

Monitor axisl vibration
at nozzle and exit cone
flange; detect any
failures and define
enviromment for future
TVC systems.

Seme as (G8) except in
a radiel axis

Measure exlt cone
vibration during
ignition transient.

Same as {G1O)

Messure the blaxial
strain level on the
nozzle shell, opposite
location of maximum
erosion and stress on
the neozzle insulatlon.

Measure the biaxial

gtrain at the highest
stressed location in

the chamber (weld porosity)

Messure the biaxial
strain at the highest
stressed location on the
chamber forward head
(contour deviation)

Measure the biaxial
strain adjacent to
location (85, S6) on
opposite side of the
weld.

Measure uniaxial tangental
(hoop) strain at the exit
plane. Determine the
extent of asymetrical
loading (if any) due to
exhaust gas impingement
during igniter motor
ejection.

¥More precise locatjon will be provided by Department 5530 at installation.

Page

5
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Function

V.

(813) 8yq-T-000-349.0

(S1h) Bpg-A-000-349.0

{815) SFS-A-030-633.0
(s16) SFS-A—150-633.0
(817) SFS-A-ETO-GBB.O

Event Sequence

Epg

t ROA-1, -2

Brpa

t TRA
tSTAM
60 cps
1000 cps

t.LI-1, 3, 5

t LI-2, 4, 6

tSTRC

169<
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Recording

Range Method (1)

Iocation and Purpose

4000 4cin./in. Rl

1030 auin,/in. Rl

.1000 4¢in./in. R4+
-1000 a+in./in. R

-1000 4¢in./in. R4

Trace All

Trace R
Trace R
Trace Rl
Trace Rl
Trace Rl, R2
Trace Rl
Trace Rl
Trace All
Trace Ampex
Trace R3
Trace R3
Trace RL

Page 6

Determine chamber growth
in the axial and circum-
ferential direction at

the chamber mid-section.

Determine magnitude of
non-symetrical loading
of forwerd ekirt (if
any} due to thrust
axis misalignment.

Fire-switch actuation,
voltage

Fire-switch actuation,
current

Capacltance bank
charge volt.

Capacitance bank
current

Release controller
actuation

Explosive bolt actua-
tion

Tower release actuation
First motion, tower linkage
Timing correlation

Timing correlation

Tower breakwire; 1 in.;
10.4 ft; and 20.7 £t sled
travel.

Tower breakwire; 5.0 ft;
15.0 ft; and 26.8 ft sled

travel.

Tower breakwire; 26.8 ft
gled travel (retraction
command )



Function

Eqva
Bova

VI. Position Indicetion (3)

VII.

-0

-B,0

Lgp
Ly, -y-30°
Tga-y-150°

Lga-y-270°

Report NASA CR-

RBnEe
Trace

Trace

0-60°
G-120°
0-1 in.
0-1 in.

0-1 in.

54082

Recording _
Method (1) Location apd Purpose
R> COp quench valve actustlon
RS H20 guench valve actuation
Rk, Meter Igniter tower movement
R4, Meter guench boom movement
Rl Aft-clpsﬁre deflection
(monitor clearsnce
Rl between STE and
motor).
Rh

STE and Facility Evaluation and Analysis Measurements (3)

P
N
G 2

Prer

Pexr

Gprr=Y

0-500 psig

0-5000 psig

0-5000 psig

0-1500 psig

0-1500 psig

0-1000 psig

+100 g

+100 g

+50 g

Page 7

R3

R3

Meter

Meter

Ampex

Ampex

Ampex

Accumulator pressure,
tower retraction system

Hydraullc pressure,
retract side of tower
retract, system

Hydraulic pressure,
extend side of tower
retract, system

Nitrogen pressure to
guench boom lock

Hydrawulic pressure,
quench actuation system

€0, quench media supply
pressure

Acceleration of ignition
motor support fixture,
adjacent to forward head

Monitor vibration level
of igniter tower at top;
define any abnormal

travel of igniter motor.

Define the dymamic

response of the thrust
take-ocut ring.

170<
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. Recording
Function Renge Method (1) Location and Purpose
T _-50-(+ 10') 0-1000°F R5 (sempled) Ambient temperature &t
B top edge of caisson
TB-OOO-(+ 10') 0-1000°F R5 (sempled) Seme as above
TB-ETO—(+ 10') 0~1000°F RS (sampled) Same as sbove
75-180-(+ 10') 0-1000°F RS (sampled) Same &5 above
T -000-(-58) | 0-250°F RS (sampled) Ambient temperature
B at -58 ft (load cell)
level
TQA-l 0-20002°F R5 (sawpled) Temperature measured on
quench system components
TQAB'l 0-2000°F RS (sempled) Seme as above
T -1 0-2000°F RS (sampled)} Temperature measured
F on the beam within the
explosive bolt protec~
tive boxes at the top
of the A-frames
T -270-15 0-2000°F R5 (sampled) Determine temperature
T : at first beam above
nozzle on igniter
tower facing nozzle.
T -270-15A 0-2000°F RS (sampled) Same except on rear of
T tower
NOTES:

(1) Rl = Honeyweil Visocorder. Recording speed: 40 1in./sec; from T-7 sec until
T+5 sec. 4,0 in./sec from T+5 sec watil P, = O.

R2 = CEC oscillograph. hecording speed: 10 in./sec ?romrT~T sec until P, = 0.

R3 = CEC oscillograph. Recording speed: 10 in./sec from T-7 until.Pc = 0.

R4 = CEC oscillograph. Recdrdipg speed: 10 in./sec from T-7 until P, = 0.

RS = CEC oscillograpﬁ. Renording speed: 10.0 iq./sec from T-T7 sec until T4+300 sec.

Ampex = Ampex FR 1200 magnetic tape recorder. Recording spred: 60 in./sec.

(2) (11, Gl, S1, ete.) = Code for locating perameter on Drawing No. 1126183,
Instruméntation Layout, 260-SL-2 Static Test (Figure Al).

Paremeter designation (Tgp-000-2.5, etc.) per AGC-STD 301k.

(3) Refer to Figure A2.

17d<
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File Neo. 1-0031

NATIONAL TRANSPORTATION SAFETY BOARD
WASHINGTON, D.C. 205%

ATRCRAFT ACCIDENT REPORT

. Adopted August 13, 1975

NORTHWEST AIRLINES, INC.
BOEING 727-251, N274US
NEAR THIELLS, NEW YORK

DECEMBER 1, 1974

SYNOPSIS

About 1926 e.s.t. on December 1, 1974, Northwest Airlines Flight
6231, a Boeing 727-251, crashed about 3.2 nmi west of Thiells, New York.
Flight 6231 was a ferry flight to Buffalo, New York. The accident occur-
red about 12 minutes after the flight had departed John F, Kennedy Inter-
national Airport, Jamaica, New York. Three crewmembers, the only persons
aboard the aircraft, died in the crash., The aircraft was destroyed.

. The aircraft stalled at 24,800 feet m.s.l, and entered an uncontrol-
led, spiralling descent to the ground. Throughout the stall and descent
the flightcrew did not recognize the actual condition of the aircraft and
did not take the correct measures necessary to return the aircraft to
level flight. Near 3,500 feet m.s.l., a large portion of the left hori-
zontal stabilizer separated from the aircraft, which made control of the
aircraft impossible.

The National Transportation Safety Board determines that the probable
cause of this accident was the loss of control of the aircraft because the
flightcrew failed to recognize and correct the aircraft's high-angle-of=-
attack, low-speed stall and its descending spiral., The stall was precipi-
tated by the flightcrew's improper reaction to erroneous airspeed and
Mach indications which had resulted from a blockage of the pitot heads by
atmospheric icing. Contrary to standard operational procedures, the
flightcrew had not activated the pitot head heaters.

1. TINVESTIGATION

1.1 History of Flight

On December 1, 1974, Northwest Airlines, Inc., Flight 6231, a Boeing
727=-251, N274US, was a ferry flight from John F. Kennedy International
Alrport (JFK), Jamaica, New York, to Buffalo, New York. Three crew-
members were the only persons aboard the aircraft,
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Flight 6231 departed JFK about 1914 1/ on a standard instrument departure,
After takeoff, Kennedy departure control cleared the flight to elimb to
14,000 feet. 2/ At 1920:21, New York air route traffic control center
(ZNY) assumed radar control of the flight, and at 1921:07, ZNY cleared
the flight to climb to flight level 310, 3/

Flight 6231 proceeded without reported difficulty until 1924:42,
when a crewmember transmitted, 'Mayday, mayday ... ” on ZNY frequency.
The ZNY controller responded, "... go ahead," and the crewmember said,
"Roger, we're out of control, descending through 20,000 feet,"

After giving interim altjitude clearances, at 1925:21, the ZNY con-
troller asked Flight 6231 what their problem was, and a crewmember re=
sponded, "We're descending through 12, we're in a stall.” The sound of
an active radio transmitter was recorded at 1925:38. There were no
further transmissions from Flight 6231,

‘ At 1925:57, Flight 6231 crashed in a forest in the Harriman State
Park, about 3,2 omi west of Thiells, New York. No one witnessed the crash,

The accident occurred during hours of darkness.

The geographic coordinates of the accident site are 41° 12' 53" N.
latitude and 74° 5' 40" W, longitude.

1.2 Injuries to Persons

Injuries Crew Passengers Qther
Fatal 3 . 0 0
Nonfatal 0 0 0
None 0 0

1.4 Damage to Aircraft

The aircraft was destroyed.

1.4 Other Damage

Trees and bushes were either damaged or destroyed.

1.5 Crew Information

The crewmembers were qualified and certificated for the flight. The
three crewmembers had off-duty periods of 15 hours 31 minutes during the
24-hour period preceding the flight, (S5ee Appendix B,)

1/ All times herein are eastern standard, based on the 24«hour clock.

2/ All altitudes herein are mean sea level, unless otherwise indicated.

3/  An altitude of 31,000 feet which is maintained with an altimeter
setting of 29.92 inches,
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In October 1974, the first officer advanced from secogd officer in
B=707 aircraft to first officer in B-727 aircraft; he had flown about 46
hours in the latter capacity.

1.6 Adrecraft Information

N274US was owned and operated by Northwest Airlines, Inc. It was
certificated and maintained in accordance with Federal Aviation Adminis-
tration (FAA) regulations and requirements. (See Appendix c.)

W274US was loaded with 48,500 1bs. of Jet A fuel. The gross weight
at takeoff was about 147,000 lbs. The weight and center of gravity (c.g.)
were within prescribed 1limits., The aircraft was in compliance with all
pertinent airworthiness directives. ‘

In the Boeing 727 aircraft, the pitot-static instruments on the cap-
tain's panel, the pitot-static instruments on the first officer's panel,
and the pitot-static instrumentation in the flight data recorder (FDR) are
connected to separate pltot and static sources. The three pitot systems
have no common elements and are completely independent. The three static
systems are also independent except for manual selector valves in both the
captain's and first officer's systems which provide for selection of the
FDR static system as an alternate pressure source if either primary source
malfunctions.

The first officer's pltot and static systems are connected to a Mach
airspeed warning switch. The switch activates a warning horn when 1t .
senses a differemtial pressure which indicates that the air- _
craft's speed is exceeding V,, or M_,, 4/ cepending on the aircraft's
altitude, A redundant Mach airspeed warning system is incorporated in

the FDR pitot and static systems,

The pitot head for the captain's pitot system is located on the left
side of the aircraft's fuselage; the pitot heads for the first officer's
system .and the FDR system are located on the right side of the fuselage.
Each of these heads incorporates a heating element and a small drain hole,
for exhausting moisture, aft of the total pressure sensing inlet. The
three static systems each have a static port located on either side of the
fuselage. The left static port is connected to the right static port to
offset sideslip effects by balancing the pressures within the systems.
Each of the ports is equipped with a heating element.

In addition to the above systems, two independent pitot-static
systems are connected to a mechanism in the aircraft's longitudinal con-
trol system, The force which the pilot must exert to move the elevator
control surfaces varies as a function of the dynamic pressure measured
by these systems. The two pitot heads for these systems are mounted one
on each side of the vertical stablilizer, and their design is similar to
the other pitot heads, :

4/  Maximm operating limit speed or maximum operating limit Mach.



1.7 Meteorological Information

Northwest Airlines' meteorology department supplied the weather in-
formation for Flight 6231, This information included a synopsis of sur-
face conditions, terminal forecasts, a tropopause and wind forecast for
the 300-millibar level, appropriate surface observations, and turbulence
plots. For the period 1700 to 2300, Northwest meteorologists forecasted
moderate to heavy snowshowers from Lake Michigan to the Appalachian
Mountains and moderate to heavy ralnshowers and scattered thunderstorms
east of the Appalachians.

Northwest's turbulence plot (TP) No. East 2 was in effect and avail-
able to the flightcrew on the day of the accident. TP East 2 was a tri-
angular area defined by lines connecting Pittsburgh, Pennsylvania, New
York City, New York, and Richmond, Virginia. Thunderstorm cells with
maximum tops to 28,000 feet were located in this area.

SIGMET 5/ Delta 2, issued at 1755 and valid 1755 to 2200, predicted
frequent moderate icing in clouds, locally severe in precipitation above -
the freezing level, which was at the surface in southwestern New York and
which sloped to-6, 000 feet eastward to the Atlantic coast.

The surface weather observations at Newburgh, New York, about 17
miles north of the accident site, were:

1900 - Estimated ceiling -- 2,500 feet broken, 5,000 feet over=-
cast, visibility -~ 12 miles, temperature == 349F.,, dew
point -= 220F,, wind-- 070° at 14 kn, gusts -- 24 kn,
altimeter setting -= 29,98 in.

2000 - Similar conditions to those reported at 1900 except
that very light ice pellets were falling.

Another Northwest f£light was on a similar route behind Flight 6231.
The captain of that flight stated that he encountered icing and light
turbulence in his climb. He was in instrument conditions from 1,500 feet
to 23,000 feet, except for a few minutes between c¢loud layers at an
intermediate altitude.

1.8 Aids to Navigation

There were no problems with navigational aids.

1.9 Communications

There were no problems with air-to-ground communications.

5/ A SIGMET is an advisory of weather severe enough to be potentially
hazardous to all aireraft, It is broadcast on navigational and voice
frequencies and by flight service stations. It is also transmitted on

- Service=-A weather teletype circuits.
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'1.10 Aerodrome and Ground Facilities
Not applicable.

1.11 Flight Recorders -

N274US was equipped with a Fairchild Model 5424 flight data recorder
(FDR) , serial No. 5146, and a Fairchild A=-100 cockpit voice recorder
(CVR) , serial No. 1640, Both recorders sustained superfilcial mechanical
damage, but the recording tapes were intact and undamaged. All of the
" FDR traces and the CVR chammels were clearly recorded.

The readout of the FDR traces involved 11 minutes 54.6 seconds of
flight, beginning 15. seconds before liftoff,

Pertinent portions of the CVR tape were transcribed, beginning with
the £lightcrew's execution of the pretakeoff checklist and ending with the
sounds of impact. The following transcript was made of the flightcrew's
activities between 1906:36 and 1906:51:

First Officer: Zero, zero and thirty-one, fifteen, fifteen .... blue.
Second Officer: Bug.

Second Officer: Pitot heat.

First Officer: Off and om.

Captain: Omne forty-two is the bug.

First Officer: Or ...ldo you want the engine heat on?

First Officer: Huh!
Sound of five clicks.

Alr-to-ground commmications, cockpit conversationms, and other sounds
recorded on the CVR were correlated to the FDR altitude, airspeed, head-
ing, and vertical acceleration traces by matching the radioc transmission
time indications on both the CVR and FDR.

The FDR to CVR correlation showed that after takeoff, the aircraft
climbed to 13,500 feet and remained at that altitude for about 50 seconds,
during which time the airspeed 6/ increased from 264 kn to 304 kn. During
that 50 seconds, the airspeed trace showed two aberrations in a 27-second
period; each aberration was characterized by a sudden reduction in airspeed.
These reductions were 40 kn and 140 kn and lasted for 7 and 5 seconds,

respectively.

B/ ALL airspeeds are indicated airspeeds, unless otherwise noted.
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The aircraft then began to climb 2,500 feet per minute while main-
taining an airspeed of about 305 kn. As the altitude increased above
16,000 feet, the recorded airspeed began to increase. Subsequently, both
the rate of climb and the rate of change in airspeed increased. About
this same time, the first officer commented, "Do you realize we're going
340 kn and I'm climbing 5,000 feet & minute?”

The flightcrew discussed the lmplications of thé high airspeed and
~high rate of climb. The second officer commented, "That's because we're
light," after which the captain said, "It gives up real fast," and "I
wish T had my shoulder harness on, it's going to give up pretty soon."
The rate of climb eventually exceeded 6,500 feet per minute.

The sound of an overspeed warning horn was recorded as the altitude
reached 23,000 feet. At that time, the recorded airspeed was 405 Un and
the following conversation took place:

Captain: 'Would you believe that #,"
First Officer: "I believe it, I just can't do anything about it."
Captain: "No, just pull her back, let her climb,"

This last comment was followed by the sound of a second overspeed warning
horn,

The sound of the stall warning stick shaker was recorded intermittentw
ly less than 10 seconds after the onset of the overspeed warning. Five
seconds later, vertical acceleration reduced to 0.8g, and the altitude
leveled at 24,800 feet. The recorded dirspeed was 420 kn.

The stall warning began again and continued while the first officer
commented, "There's that Mach buffet, 7/ guess we'll have to pull it up.”
followed by the captain's comuand, "Pull it up,” and the sound of the
landing gear warning horn. The FDR readout shows the following:

Iwo seconds later (about 13 seconds after the aircraft arrived
at 24,800 feet), the vertical acceleration trace again declined to
0.8g and the altitude trace began to descend at a rate of 15,000
feet per minute, The alrspeed trace decreased simultaneously at a
rate of 4 kn per second and the magnetic heading trace changed from
290° to 080° within 10 seconds, which indicated that the afrcraft
was turning rapidly to the right.

7/ A slight buffet that occurs when-an aircraft exceeds its critical
Mach number. 'The buffet is caused by the formation of a shock wave
on the airfoil surfaces and a separation of airflow aft of the shock
wave., The change from laminar flow to turbulent flow aft of the
shock wave causes a high frequency vibration in the control surfaces

which is described as "buffet" or "buzz,"
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As the aircraft continued to descend, the vertical acceleration
trace increased to 1.5g. The alrcraft's magnetic heading trace
fluctuated, but moved basically to the right. About 10 seconds
after the descent began, the 'Mayday" was transmitted. “

Thirty-three seconds later the crew reported, "We're descending
through 12, we're in a stall," About 5 seconds after that transmis-
sion, the captain commanded, "Flaps two....," and a sound similar to
movement of the flap handle was recorded. There was no apparent
change in the rate of descent; however, the vertical acceleration
trace increased immediately, with peaks to +3g. The recorded air-
speed decreased to zero, and the sound of the stall warning became
intermittent.

Five seconds after the captain's command for flaps, the first
officer said, "Pull now ... pull, that's it." Ten seconds later,
the peak values for vertical acceleration increased to +5g. The
rate of descent decreased slightly; however, the altitude continued
to decrease to 1,090 feet =-- the elevation of the terrain at the ac-
cident site. The aircraft had descended from 24,800 feet in 83
seconds.

1.12 Aircraft Wreckage

The aircraft struck the ground in a slightly nosedown and right wing-
down attitude in an area where the terrain sloped downward about 10°, The
aircraft structure had disintegrated and ruptured and was distorted ex-
tensively. There was no evidence of a preexisting malfunction in any of
the aircraft's systems.

Except for both elevator tips, the left horizontal stabilizer, and
three pieces of light structure from the left stabilizer, the entire air-
craft was located within an area 180 feet long and 100 feet wide. The
above components were located between 375 feet and 4,200 feet from the

main wreckage.

The horizontal stabilizer trim setting was 1.2 units of trim air-
craft noseup. The landing gear and spoilers were retracted. The wing
trailing edge flaps were extended to the 2° position, and the Nos. 2, 3,
6, and 7 leading edge slats were fully extended, which corresponded to a
trailing edge flap selection of 2°,

The No. 1 and No. 3 engines were separated from their respective
pylons., The No., 2 engine remained in its mounting in the empennage. The
engines exhibited impact damage but little rotational damage. The speed
servo cams in all three fuel control units were at or near their high
speed detents.

The outboard section of the left horizontal stabjilizer had separated
between stations 50 and 60. The inboard section remained attached to the
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vertical stabilizer. The left elevator between stations 78 and 223 re-
mained attached to the separated section. The right horizontal stabilizer
was attached to the vertical stabilizer except for the tip section from
station 188 outboard. The right elevator, from station 188 inboard, re-
mained attached to the horizontal stabilizer.

The three attitude indicators were damaged on impact, The indicators
showed similar attitude information -~ 20° nosedown, with the wings almost
level. :

The two pitot head heater switches were in the "off" position and the
switches' toggle levers were bent aft. The damage to the switch levers
and the debris deposited on them was that which would be expected if they
had been in the "off" position at impact. A new switch with its toggle
lever in the "off" position, when struck with a heavy object, exhibited
internal damage similar to the damage found in the internal portions of
the right pitot heater switch,

Four of the five pitot head heater circuit breakers were operable and
were electrically closed. The auxillary pitot head heater circult breaker
was jammed into its mounting structure, and it was electrically open.

The left elevator pitot head was lying on the frozen ground; when re-
trieved, at least eight drops of water dripped from the pressure inlet
port. After exposure to sunlight, more water drained from the port. The
captain's pitot head was retrieved and cleared of frozen mud. The pres-
sure inlet port was filled with dry wood fibers. After exposure to sun-
light, wet wood fibers were removed from the interior of the inlet port,
and moisture was present on the inner surface of the port. The copilot's
pitot head and the auxilary pitot head were crushed and damaged severely;
they could not be checked for water content. The right elevator pitot
head remained attached to the vertical stabilizer. The head was in good
condition and contained no water or ice,

The engine anti-ice switches for the Nos. 1 and 2 engines were in the
"open" position. The switch for the No. 3 engine was in the "closed"
position and the switch handle was bent aft. Tests of the bulb filaments
of the engine anti-ice indicator lights showed that all three lights were
on at impact.

1.13 Medical and Pathological Information

The three crewmembers were killed in the crash. Toxicological tests
disclosed no evidence of carbon monoxide, hydrogen cyanide, alcohel, or
drugs in any of the crewmembers.

1.14 PFire

There was no fire, either during flight or after impact,



1.15 Survival Aspects

The accident was not survivable.

1.16 Tests and Résearch

1.16.1 Pitot Head Examination and Icing Tests

A metallurgical examination of the separated heater conductor wire in
the pitot head from the first officer's pitot system showed that the cir-
cumference of the wire was reduced before the wire broke. The metal in
the wire had not melted, and there were no signs of electrical current
arcing or shorting.

A pitot head of the same type that provided pitot pressure to the
first officer's airspeed/Mach indicator was exposed to icing conditions
in s wind tunnel, With the pitot heater inoperative, 1 to 2 inches of
ice formed over the pressure inlet port. During the exposure, a thin
£f1lm of water flowed into the pressure port, some- of which flowed out of
the drain hole. '

Blockage of the drain hole by ice seemed to depend on the length of
time required for ice to form and block the total pressure inlet port.
The longer it took for ice to form and block the total pressure port, the
more likely it became that the drain hole would be blocked by ice., 'Also,
the greater the angle between the longitudinal axis of the pitot head and
the relative wind, the greater the likelihood that the drain hole would
become blocked with ice,

Constant altitude pressure measurements showed that when the total
pressure inlet port was blocked by jce and the drain hole remained open,
pressure changes occurred that would cause a reduction of indicated air-
speed, However, when both the total pressure port and drain hole were
blocked, the total pressure remained constant, which would cause indicated
airspeed to remain fixed. Also, abrupt and small pressure fluctuations
occurred shortly before either the pressure port or drain hole became
blocked by ice.

' In an effort to reproduce the apparent inconsistencies between the
airspeed and altitude values on the FDR traces, tests were conducted with
an airspeed indicator and an altimeter connected to vacuum and pressure
sources, By altering the vacuum to the altimeter and to the airspeed
indicator, the altitude trace could be reproduced. However, following
ascent above 16,000 feet, the FDR airspeed and altitude values could be
simultaneously duplicated only when the total pressure to the airspeed
indicator was fixed at its FDR value for an altimeter reading of about
15,675 feet and an indicated airspeed of about 302 kn,.
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1.16.2 Alrcraft Performance Analysis

'Following the accident, the Safety Board requested that the aircraft
madufacturer analyze the data from the CVR and FDR to determine: (1) The
consistency of these data, particularly the airspeed and altitude values,
with the theoretical performance 6f the alrcraft; (2) the significange and
possible reason for a simultanecus activation of the overspeed and stall
warning systems; and (3) the body attitude of the aircraft during its
final ascent and descent. The following are some results of the manu-
facturer's performance analysis:

The airspeed and altitude values which were recorded were consistent
with the aircraft's predicted climb performance until the aircraft reached
16,000 feet. The simultanecus increases in both airspeed and rate of as-
cent which were recorded thereafter exceeded the theoretical performance
capability of a B-727-200 series aircraft of the same weight as N274US.
Consequently, the recorded airspeed values were suspected to be erroneous,
and it appeared that they varied directly with the change in recorded alti-
tude. The recorded airspeeds correlated within 5 percent with the theo-
retical airspeeds which would be expected if the pressure measured in the
pltot system had remained constant after the aircraft's climb through
16,000 feet.

The indicated airspeed of the aircraft when the stick shaker was
first activated was calculated to be 165 kn as compared to the 412 kn
recorded by the FDR. The decrease in airspeed from 305 ka to 165 kn as
the aircraft climbed from 16,000 feet to 24,000 feet (within 116 seconds)
is within the aircraft's theoretical climb power performance., The air-
craft's pitch attitude would have been about 30° noseup as stick shaker
speed was approached. The stall warning stick shaker is activated by
angle of attack instrumentation which is completely independent of, and
therefore not affected by errors in, the aircraft's airspeed measuring
systems,

Vertical acceleratipn reduced slightly as the aircraft leveled at
24,800 feet probably because the pilot relaxed the back pressure being
applied to the control column. The stick shaker ceased momentarily; how-
ever, the aircraft continued to decelerate because of the drag induced by
the high body attitude, and the stick shaker reactivated, Boeing person=-
nel interpreted the sound of the landing gear warning horn on the CVR to
indicate that the thrust levers had been retarded to idle. The second re-
duction in vertical acceleration -- to 0.8¢g which was coincident with a
sudden descent and a rapid magnetic heading change == was probably caused
by an aerodynamic stall with a probable loss of lateral control,

Theoretical relationships of angle of attack, velocity, and drag were
compared to the recorded rate of descent and load factor to determine the
attitude of the aircraft after the stall. The comparison showed that the
aircraft attained an angle of attack of 229, or greater, during the
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descent. Transient nosedown attitudes of more than 60° would have been
required to achieve the measured descent rate with an angle.of attack of
220, The variations in load factors, which averaged about +1.5g, were
attributed to varilations in the aircraft's angle of bank,

The aircraft was probably exceeding 230 kn, with a nosedown attitude
of about 50° as it descended below 11,000 feet, when the flaps were ex-
tended to 2°., The momentary cessation of the stick shaker indicated that
the angle of attack had been reduced to less than 13°. The increase in
vertical acceleration to 2.5g was attributed to the aircraft's being in
a tight nosedown spiral with a bank angle between 70° and 80°.

With a normally operating elevator feel system, and a stabilizer trim
setting of 1.2 units alrcraft noseup, the pilot would have to exert a pull
force of between 45 and 50 lbs. to achieve a 2.5g load factor at 5,000
feet and 250 kn. If, however, the elevator pitot system was blocked so
that the system sensed a zero indicated airspeed, a pull force of less.
than 30 1lbs, would have produced the same load factor. After the aircraft
had descended through 5,000 feet, the load factor reached peak values of
+5g.

The manufacturer's engineers stated that the aircraft's structural
limits would have been exceeded at high angles of sideslip and load fac-
tors approaching +5g. They stated that a consequent failure of the
elevator assemblies could have produced an aerodynamic flutter which
could have, in turn, caused the elevator spar to fail and the left hori-
zontal stabilizer to separate, With the aircraft at a stall angle of
attack when the horizontal stabilizer separated, an uncontrollable noseup
pitching moment would have been produced, which could have resulted in
an angle of attack of 40° or more.

1.17 Other Information

1.17.1 Pretakeoff Checklist

Northwest Airlines® operational procedures require that the flight-
crew make a pretakeoff check of certain items. The second officer is re-
quired to read the checklist items, and the first officer must check the
items and respond to the second officer's challenge, Included on the
checklist are:

Second Officer First Officer

Flaps 15, 15 (25,25) Blue
Marked Bug K (C, FO) Numbers Set

Ice Protection OFF (ON)

Pitot Heat ON

Pressurization (C, FO) Zero, o,

Normal Flags
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Company pilots stated that the checklist is used only to check that
the required action has already been performed; it is not used as a list
of items to be accomplished. With regard to the activation of pitot head
heaters, it was the first officer's duty to turn the two switches to the
"on" position shortly after the engines hzd been started and to check the
ammeter readings on the various heaters to confirm their proper operation,
After checking these items, he was supposed to leave the pitot heater
swltches on and to check that they were on during the pretakeoff check,

1.17.2 Airspeed Measuring System

When an aircraft moves through anair mass, pressure iscreated ahead of
the aircraft, which adds to the existing static pressure within the air
mass. The added pressure, dynamic pressure, is directly proportional to
the velocity of the aircraft. When a symmetrically shaped object, such as
a pitot head, is placed into the moving airstream, the flow of air will
separate around the nose of the object so that the local velocity at the
nose 18 zero. At the zero velocity point, the alrstream dynamic pressure
is converted into an increase in the local static pressure. Thus, the
pressure measured at the nose of the object iscalled total pressure, and it
is equal to the sum of the dynamic pressure and the ambient static pressure.

In an alrcraft airspeed measuring system, the total pressure is
measured by the pitot head and i{s transmitted through the pitot system
plubing to one side of a differential pressure measuring instrument (air-
speed indicator). The ambient static pressure is measured at static
ports which are mounted in an area that 'is not significantly influenced
by the moving airstream. The static pressure measured at these ports is
transmitted to the opposite side of the differential pressure measuring
instrument. In effect, the differential pressure instrument (whether it
be an airspeed indicator gage, a flight data recorder pressure transmit-
ter, or a component within an air data computer) subtracts the ambient
static pressure measured by the static system from the total pressure
measured by the pitot system, The resultant dynamic pressure is a
direct measurement of indicated airspeed.

Since the ambient static pressure 1s a component part of total pres-
sure, any change in static pressure would normally result in an equal
change in both the pitot and static¢ pressure systems. Therefore, a change
in ambient static pressure, such as that encountered during a change in
altitude, would normally have no effect on airspeed measurement. Only a
change in dynamic pressure produced by a change in the aircraft's velocity
would cause a change in the indicated airspeed. If, however, only one
side of the airspeed indicator sensed a change in the ambient static pres=-
sure, an erroneous change in indicated airspeed would result, even though
the actual dynamic pressure remained unchanged. Such a condition would
occur 1if either the pitot or static system was blocked or was otherwise
rendered insensitive to external predsure changes.
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' In the event of a blocked pitot or static system, the direction of
the indicated airspeed error would depend on which of the systems was
blocked and the direction of change in the ambient static pressure.
Under conditions where the pressure in the static system increases with
respect to the pressure in the pitot system, the indicated airspeed will
read low erronecusly. For the opposite condition, where the pressure in
the static system decreases with respect to the pressure in the pitot
system, the indicated airspeed will read high erroneously. - The latter
would exist if the pitot head was blocked so that a constant pressure
was trapped in the pitot system while the aircraft was ascending. This
is because the static system pressure would decrease and the resultant
differential pressure would appear as an inmcrease in dynamic pressure,

Indicated airspeed error may also occur when the pitot system be=-
comes insensitive to changes in total pressure in such a manner that the
system vents to an ambient static pressure source. The pressure measured
by the pitot system will equalize with the pressure in the static system,
and the dynamic pressure (indicated airspeed) will decrease to zero. The
vent source in a pitot head which can produce this kind of error is the
moisture drain hole which i1s located downstream from a blocked total
pressure sensing inlet. ‘

1,17.3 B=727 Stall Characteristics

During its type certification process, the B=727=200 series aircraft
demonstrated stall characteristics which met the requirements of the Civil
Air Regulations, parts 4b. 160-162. The significant requirements defined
therein are: (1) That, at an angle of attack measurably greater than that
of maximum 1ift, the inherent £light characteristicse give a clear indica-
- tion to the pilot that the aircraft is stalled -~ typical indications are
a nosedown pitch or a roll which cannot be readily arrested; (2) that re-
covery from the stall can be effected by normal recovery techniques start-
ing as soon as the aircraft is stalled; (3) that there is no abnormal
noseup pitching and that the longitudinal control force be positive, up
to an including the stall; (4) that a safe recovery from a stall can be
effected with the critical engine inoperative; and (5) that a clear and
distinctive stall warning be apparent to the pilot at an airspeed at
least 7 percent above the stalling airspeed.

The certification stall tests, conducted with the aircraft im all
operating configurations and with the most adverse weight and c.g. condi-
tions, demonstrated that as the aircraft was slowed and its wing angle of
attack was increased, the buffet produced by airflow separation from the
‘wing provided a natural warning of impending stall. With the landing
flaps extended, however, the airspeed margin provided by the buffet warn-
ing was considered to be insufficient. Consequently, a stick shaker sys-
tem was installed to provide an artificial warning for all configuratioms.

e
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In the clean configurationm, 8/ the stick shaker activated when the
angle of attack reached 13°, When the aircraft was slowed further,
natural buffeting occurred at an angle of attack between 16° and 18°.
The buffet was described as "quite heavy" when the speed was reduced to
within 2 to 3 kn of the speed associated with maximum 1ift. When the
angle of attack for maximm lift (about 22°) was reached, there was a
tendency for the nose to drop if the pilot relaxed pressure on the con-
trol colum, Also, lateral stability was reduced noticeably, which in-
creased the pilot's workload in maintaining wings-level flight,

During certification flight tests, the angle of attack was increased
to 259, after which recovery was effected by relaxing the pull force on
the control colummn. With the use of engine thrust during recovery, the
altitude lost was restricted to about 2,000 feet,

Up to the onset of stall buffet, the longitudinal control forces
needed to effect stall entry increased as the angle of attack increased.
At higher angles of attack, up to and beyond the angle for maximum lift,
the pull force required to maintain a noseup pitching moment decreased.
The forces did not reverse, however, and, with normal trim, a reduction
in pull force resulted in a decreased angle of attack.

The B~727 longitudinal control systemis capable of developing the noseup
pltching moments needed to obtain angles of attack much higher than those
associated with stall. For an aircraft having the same weight, c.g, loca-
tion, and stabilizer trim setting as N274US, the manufacturer's analysis
showed that an angle of attack of approximately 37° could be attained if
a continuous pull force was exerted to hold the control colum aft.

Like other aircraft which have horizontal stabilizers located near or
on top of their vertical stabilizers, the B-727 does pass through a range
of high angles of attack where longitudinal instability occurs. This in-
stability causes the aircraft, when no control force is applied, to pitch
to even higher angles of attack. Longitudinal instability is caused by
degraded horizontal stabilizer effectiveness when the aircraft's attitude
is such that the horizontal stabilizer is enveloped by the low-energy tur-
bulent air in the wake from the wings. When these high angles of attack
are reached, a push force on the control colum is required to reduce the
angle of attack. For a B~727 with an aft ¢.g. location and stabilizer
trim in the cruise range, wind tunnel data show that a nosedown pitching
moment will decrease the angle of attack and stall recovery can be attained
by applying push forces to the control column.

A stick pusher is a device which will apply a force to move the con=
trol column forward when the angle of attack for maximum 1ift is exceeded.
The usefulness of a stick pusher is controversial since it can effect pri-
mary control of the aireraft. However, a stick pusher is required on
B=727 and other aircraft registered by the United Kingdom, That stick
pusher is designed so that its action can be overpowered by a pull force
of about 80 1bs. on the pilot's control columm.

8/ Without landing gear, flaps, or spoilers extended.
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2. ANALYSIS AND CONCLUSIONS

2.1 Analysis

' The aircraft was certificated, equipped, and maintained in accord-
ance with regulations and approved procedures. The aircraft weighed sub=-
stantially less than its authorized maximum weight for takeoff.

Although the speed servo cams in all three engine fuel controllers
were positioned for high engine revolutions per minute, the engines were
producing very little thrust at impact as evidenced by the absence of sig=
nificant rotational damage to the engines., Probably, the throttles had
been advanced shortly.before impact, but there was either insufficient
time for the engines to accelerate, or acceleration was limited because
airflow into the engine inlets had been distorted by the extreme angle of
attack and probable sideslip.

The flightcrew was properly certificated and each crewmember had re-
ceived the training and off-duty time prescribed by regulations. There
was no evidence of medical or physiological problems that might have
affected their performance.

The conversations recorded on the CVR revealed that, following ascent
above 13,500 feet, the flightcrew became concerned and puzzled by the ap-
parent performance of the alrcraft because of the indicated alrspeed and
the indicated rate of ascent., The FDR airspeed and altitude traces pro-
vided investigators an insight regarding these conversations. The air-
speed trace increased rapidly after the aircraft ascended above 16,000
feet while the rate of climb continued to increase and eventually reached
a peak value of 6,500 feet per minute. The Boeing Company's analysis of
the airspeed and rates of climb values that registered above 16,000 feet
showed that these values were incompatible with the aircraft's performance
capabilities.

Analysis showed that there was a direct relationship between the air-
speed and altitude values. This relationship was based on the assumptions
that (1) the total pressure measured by the FDR pitot system remained con-
gtant after the aircraft ascended above 16,000 feet, and (2) the pressure
measured by the FDR static system varied according to the recorded alti-
tude values, These assumptions were substantiated by the tests which
determined that the FDR airspeed and altitude traces could be reproduced
only if the total pressure to the airspeed indicator was held constant
during ascent above 16,000 feet.

Although the pitot systems for the captain's and first officer's air-
gpeed Mach indicators and the FDR airspeed instrumentation are three sepa-
rate and completely independent systems, it is reasonable to conclude that
all three systems were sensing nearly identical and erroneous total pres-
gures. This can be concluded because the flightcrew made no reference to
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any difference between the airspeed readings on the captain's and first
officer's indicators, and the first officer's reference to "...golng 340
kn ,.." corresponded closely to the airspeed value recorded on the FDR at
that time, Additionally, the near simultaneous activation of the over=-
speed warning systems tends to prove that the first officer's alrspeed was
close to the value recorded on the FDR when the aircraft neared its peak
altitude, J

The erroneously high airspeed indications were caused by a complete
and nearly simultaneous blockage of all three pltot pressure systems,
Moreover, since the only common elements among the systems were the
design features of the pitot heads and the environment to which they were
exposed, the Safety Board concludes that the pitot heads were blocked by
ice which formed around the heads and closed the drain holes and the pres-
sure inlet ports. The conclusion is supported by the airspeed aberrations
that were recorded while the aircraft was flying level at 13,500 feet and
by the moisture which was found in the pitot heads when they were recovered
and examined. Additionally, it is known that icing conditions existed in
the area through which Flight 6231 was flying, and it is unlikely that
any other type of blockage or malfunction would simultaneously affect the
three independent systems,

The formation of ice on the pitot heads should have been prevented by
electrical heating elements which are activated by the pitot heater
switches located in the cockpit. The Safety Board concludes that ‘the
heating elements were never activated because the pitot heater switches
were not in the "on" position during the flight. This conclusion is sub-
stantiated by the position and condition of the switches in the wreckage,
the internal damage to the right switch, and the lack of evidence that
electrical current was present in the heater circuit to the pitot head in
the first officer's pitot system at the time of impact,

The Safety Board was unable to determine why the pitot head heater
switches were not placed in the "on" position before departure. It is
clear that the flightcrew performed the pretakeoff checks required by
Northwest's operational procedures. However, the proper checklist se-
quence was not followed, and it is possible that the first officer posi-
tioned the switches improperly because of an omission in the sequence
and his inexperience as a B-727 copilot,

While reading the checklist, the second officer called "bug" and,
before recelving a response from either the captain or first officer, he
omitted the "ice protection' call and called "pitot heat." The first
officer apparently responded to both the omitted call and the "pitot .
heat" call by saying, "off and on," but following the captain's response
to the "bug" call, the first officer asked whether the engine heat was
needed. The captain may or may not have responded with a nod or hand
signal, but the sound of five clicks was recorded and the first officer
returned to the task of setting his alrspeed bug.
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The five clicks may -have been the movement of the pitot heater
switches to the "off" position and the movement of the engine anti-ice
switches to the "on" position -- a reversal of their normal positions.
This assumption 1s supported by the position of the engine anti-ice and
pitot heater switches in the wreckage, the condition of the lights as-
gociated with the engine anti-ice switches, and the lack of any reference
during the flight to the need for engine anti-ice.

Because of the flightcrew's comments concerning aircraft performance
and the absence of comments about possible instrument error or airspeed
system icing, the Safety Board concludes that the flightcrew attributed the
high airspeed and the high rate of climb to the aircraft's relatively low
gross weight and to an encounter with unusual weather, which included
strong updrafts., The flightcrew's analysis of the situation must have
been strongly influenced by these factors and by the fact that both air-
speed instruments were indicating essentially the same values. However,
the aircraft's attitude as it neared the top of its ascent should have
warned them that the aircraft's performance was abnormal because its
nearly 30° noseup attitude was about 25% higher than the normal climb
attitude, and at such a high noseup attitude it would have been impossible
for the airspeed to continue to increase even if influenced by extreme up~-
drafts. Because the use of attitude references is a fundamental of instru-
ment flying, which is stressed in Northwest's flightcrew training program,
the Safety Board concludes that the flightcrew improperly relied on alr-
speed indications as a means of determining aircraft performance,

Although the activation of the overspeed warning systems probably
reinforced the flightcrew's belief that they were taking appropriate
action, the operation of the stall warning stick shaker should have
alerted them that the aircraft actually was approaching a stall. The
first officer apparently misinterpreted the control colummn vibration pro=-
duced by the stick shaker as Mach buffet because when the stick shaker
began, he commented, ",.. there's that Mach buffet," The captain apparent-
ly agreed with this interpretation because he then commanded, "Pull it up."
The almost simultaneous activation of the stall and the overspeed warning
systems undoubtedly created some confusion; however, the differences be-
tween stall buffet and Mach buffet are substantial and the former should
have been easily recognized., Again, though, it appears that the flight-
crev relied almost exclusively on the airspeed indicators and their
related warning systems to assess the aircraft's performance.

Even after the stall, as manifested by the rapid heading change
(banked attitude) and the sudden descent, the flightcrew failed to recog-
nize the problem for a number of seconds. They continued to exert back
pressure on the control columm which kept the aircraft at a high angle of
attack. They probably were having difficulty with lateral control, and -
the aircraft entered into a spiralling descent to the right, during which
the actual airspeed of the aireraft began to increase rapidly.
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The erroneous airspeea Indications, the steep nosedown attitude, and
the proprioceptive sensations associated with the positive vertical accel-
eration forces undoubtedly contributed to confusion which prevented the
flightcrew from recognizing the true condition of the aircraft., Addition-
ally, it is probable that the nosedown and banked attitudes of the air-
craft were so steep that the horizon references in the attitude instru-
ments were nearly hidden. This would have made the lateral attitude of
the aircraft difficult to determine, However, had the pilots concentrated
more on the attitude indicators, and particularly the position of the "gky
pointers", 9/ they probably could have returned the aircraft to level
flight had they taken appropriate corrective action within 30 to 40
seconds after the stall,

Probably because of the low airspeed indications, the captain decided
that the aircraft was in a stall. He transmitted: '"We're descending
through 12, we're in a stall," and he called .for the flaps to be extended
to 27 «~ a proper step in the stall recovery procedure. However, the
actual indicated airspeed at that time was probably in excess of 230 kn
and increasing rapidly; consequently, although the stick shaker ceased
operation momentarily, the extension of the flaps had little favorable
effect.

Even after the pilots decided that the aircraft was stalled, the
Safety Board believes that they continued to react primarily to the high
rate of descent indications and proprioceptive sensations because they
continued to exert a pull force on the control column, This is substanti-
ated by the increasing vertical acceleration forces as the descent con-
tinued. However, because the wings were not leveled first, the aircraft
continued to descend rapidly in a spiralling, accelerated stall,

Since the pitot heads for the elevator feel system were probably
blocked by ice, the force required of the pllote to move the elevators
would have been increased while the aireraft was above 16,000 feet. How~
ever, when the aircraft descended below that altitude, the force required
would have beendiminished. Ag the descent continued below 5,000 feet, the
actual indicated airspeed probably exceeded 350 kn while the airspeed
gensed by the elevator feel system was probably near zero. Consequently,
conditions were created in which high vertical acceleration forces could
be produced with relative ease. As evidenced by the FDR acceleration
trace, high vertical acceleration forces were produced below 5,400 feet,

As the aircraft continued its descent through 3,500 feet, the high
vertical acceleration forces induced were sufficient to cause the failure of
the left horizontal stabilizer, Thereafter, the aircraft probably rolled
to a near wings-level attitude, pitched up to an extremely high angle of
aj:tack, and continued to descend in an uncontrollable stall to the ground,

8/ A triangular index which is positioned above the movable horizon and
which moves in the opposite direction from the aircraft's banked
attitude to indicate the number of degrees of bank.
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During the Safety Board's investigation, incidents involving possible
pltot-static system icing were reviewed. Although none of these inci-
dents resulted in a catastrophic accident, it became clear that pitot or
static system icing during flight can and does occur. Also, the resultant
effects on pressure-operated flight instruments can produce at least -
momentary confusion among the crewmembers.

While all of the flightcrewslinvolved in these incidents reverted to
attitude flying until the cause of the icing could be eliminated or instru-
ment -flight could be terminated, it was apparent from these incidents that
some plilots who understood the basic principles of airspeed measurement
failed to analyze the possible results of a blockage of the pitot or
static systems., The pilots often failed to determine the proper reasons
for an increasing airspeed indication; they attributtd such indications
to unusual weather phenomena.

Although unusual weather phenomena such as mountain waves, extreme
turbulence, and vertical wind shear can produce significant airspeed )
deviations, these phenomena usually are of short duration and cause erratic
or abruptly changing airspeed indications rather steadily increasing,
steadily decreasing, or fixed airspeed indications. Also, the aircraft's
attitude during encounters with these phenomena is important in determin-
ing airspeed trends and possible sources of error. Consequently, the
Safety Board believes that potential pitot-static system problems and
attitude flying as a temporary remedy for these problems should be reem-
phasized in instrument flying training programs, and the Safety Board has
made a recommendation to this effect to the Administrator, Federal
Aviation Administration. - '

2.2 Conclusions
{(2) Findings

1, All menbers of the flightcrew were properly certificated
and were qualified for their respective duties.

2. The aircraft had been properly maintained and was air-
- worthy for the flight; its gross weight and c.g. were
within the prescribed limits.

3, There was no evidence of a system malfunction or failure or.
of a structural defect in the alrcraft,

4, The flighterew had adequate weather information for the
flight. :

5. The FDR vertical acceleration trace indicates that only
light turbulence was encountered.



9.

10,

11.

12,

13,

15,

16,

- 20 =

The weather conditions encountered during the flight were
conducive to the formation of moderate airframe ice.

The aircraft accumulated sufficient ice during its flight
to block completely the drain holes and total pressure
inlet ports of the pitot heads; the static ports were mot
affected by the ice.

The pitot heads became blocked at an altitude of about
16,000 feet.

The ice formed on the pitot heads because the pitot head
heater switches had not been turned on before Flight 6231
departed JFK.

The complete blockage of the pitot heads caused the cockpit
alrspeed indicators to read erroneously high as the airecraft
climbed above 16,000 feet and the static pressure decreased.

The flightcrew reacted to the high airspeed indications by
increasing the noseup attitude of the aircraft which in-
creased the rate of climb, While this caused the indicated
airspeed to increase more rapidly because the static pres-
sure decreased more rapidly with the increased rate of
c¢limb, the actual airspeed was decreasing.

The alrspeed overspeed warning and stall warning stiek
shaker operated simultaneously because of the blocked pitot
heads and the high noseup attitude of the aircraft,

The flightcrew misconstrued the operation of the stall
warning stick shaker as Mach buffet.

The flighterew continued to increase the noseup attitude of
the aircraft following the operation of the stall warning
stick shaker.

The aircraft stalled at an altitude of 24,800 feet while in
& noseup attitude of about 30°,

Following the stall, the aircraft entered into a right
spiralling dive at a high rate of descent, Throughout the
descent, the flightcrew reacted primarily to airspeed and
rate of descent indications instead of attitude indications,
and thus failed to initiate proper recovery techniques and
procedures,
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17. In an effort to recover the alrcraft from a high rate of
descent, the flightcrew exerted excessive pull forces on
the control colums which induced high vertical acceleration
forces and caused the left horizontal stabilizer to fail.

(b) Probable Cause

The National Transportation Safety Board determines that the probable
cause of this accident was the loss of control of the aircraft because the
flightcrew failed to recognize and correct the aircraft's high-angle-of-
attack, low-speed stall and its descending spiral. The stall was pre=
cipated by the flightcrew's improper reaction to erroneous airspeed and
Mach indications which had resulted from a blockage of the pitot heads by
atmospheric icing. Contrary to standard operational procedures, the
flighterew had not activated the pitot head heaters.

3, RECOMMENDATIONS

As a result of this accident, three recormendations were made to the
Administrator, Federal Aviation Administration. (See Appendix D.)

BY THE NATIONAL TRANSPORTATION SAFETY BOARD

/s/ TFRANCIS H. McADAMS
Member

/e/ 10OUIS M. THAYER
Member

/s/ TISABEL A. BURGESS
Member

John H. Reed, Chairman, and William'R, Haley, Member, did not participate
in the adoption of this report.

August 13, 1975



- 23 -

APPENDIX A

Investigation and Hearigg

1. Investigation

The National Transportation Safety Board was notified of the accident
about 1935 on December 1, 1974. The Safety Board jmmediately dispatched
an investigative team to the scene. The following morning the team
established investigative groups for operations/witnesses, air traffic
control, weather, structures, powerplants, systems, flight data recorder,
maintenance records, and cockpit voice recorder.

Parties to the investigation were: The Federal Aviation Administra-
tion, Northwest Airlines, Inc., The Boeing Company, Air Line Pilots
Association, International Association of Machinists and Aerospace
Workers, and the Pratt and Whitney Division of the United Aircraft
Corporation. '

2, Hearing

A public hearing was held at Bear Mountain, New York, on February
12 and 13, 1975. All of the parties to the investigation except the
Pratt and Whitney Aircraft Division were parties to the hearing.

Preceding page blank |
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Aircrey Informatioﬁ

Captain John B, Lagorio

Captain Lagorio, 35, was employed by Northwest Airiines on January
17, 1966. He held Airline Transport Pilot certificate No. 1496609 with
airplane multiengine and single-engine land ratings, commercial privi-
leges and a type rating in the B=727. He held Flight Engineer certifi-
cate No. 1682555 and a valid first-class medical certificate which was
issued with no limitations on August 22, 1974,

Captain Lagorio had accumlated about 7,434 flight-hours, of which
about 1,973 were in the B-727, 1In the 30-, 60-, and 90-day periods pre=
ceding the accident, he flew about 58, 122, and 185 hours, respectively,
alt in the B-727. :

Captain Lagorio was advanced from first officer to captain on August
5, 1969. He completed his last general refresher training on Jamuary 15,
1974, and his last B=727 refresher training on November 15, 1974. He
passed a proficiency flight check in the B-~727 simulator on November 15,
1974,

First Officer Walter A. Zadra

First Officer Zadra, 32, was employed by Northwest Airlines on
January 8, 1968. He held Commercial Pilot certificate No, 1624729 with
airplane multiengine and single-~engine land ratings, and an instrument
rating. He held Flight Engineer certificate No. 1834609 and a valid
first~-class medical certificate which was issued with no limitations on
July 9, 1974, :

First Officer Zadra had flown about 1,550 hours as a pilot or first
officer and about 3,152 hours as a second officer (flight engineer) of
which about 1,244 hours were in the B-727. He upgraded from second
officer in B=707 aircraft to first officer in B=727 alrcraft on October
16, 1974, and he had flown about 46 hours in the latter capacity. 1In
the 30-, 60-, and 90=-days periods preceding the accident; he flew,
respectively, about 46 hours as first officer in the B~727 and 23 and
76 hours as second officer in the B=707.

First Officer Zadra completed general refresher training on January
7, 1974, and he passed a first officer proficiency check in the B=727
on {ctober 16, 1974,
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Second Officer James F, Cox

Second Officer Cox, 33, was employéd by Northwest Airlines on
February 2, 1969. He held Commer¢ial Pilot certificate No. 1643627 with
multiengine land and instrument ratings. He held Flight Enginesr (turbo-
jet powered) certificate No. 1920999 and a first-class medical certifi-
cate which was issued with no limitations on March 1, 1974.

Second Officer Cox had.acquired about 1,938 hours of flying time
as a second officer with Nortimest Airlines, including about 1,611 hours
in B-727 aircraft. In the 30-, 60-, and 90-day periods preceding the
accident, he flew about 45, 113 and 180 hours, respectively, all in
B-727 ajreraft,

Second Officer Cox completed general refresher training on Janbary
10, 1974, and he passed a second officer proficiency check on April 10,
1974, '
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Aircraft Information

N274US was manufactured by The Boeing Company on December 2, 1969,
and it was assigned serial No. 20295. It had accumulated about 10,289
hours of time in service.

N274US was powered by three Pratt and Whitney JT8D-7 engines.
Pertinent engine data are as follows:

Position Serial No. Total Time Time Since Heavy Maintenance
1 649153 18,641 hours 3,044 hours
2 654070 | 14,818 hours 2,234 hours
3 648988 17,612 hours 1,193 hours

All, of the required maintenance inspections and checks on the air-.
craft had been performed in accordance with Northwest Airlines approved
directives,
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NATIONAL TRANSPORTATION SAFETY BOARD
‘ WASHINGTON, D.C.

APPENDIX D

ISSUED: March 20, 1975

- R . AN N e e SR A e

Forwarded to:

Honorable Alexander P. Butterfield

Administrator

Federal Aviation Administration SAFETY RECOMMENDATION(S)
Washington, D. C. 20591

A=T5=25 thru =27

The Naetional Transportation Safety Board is investigating the
Northwest Airlines, Inc., Boeing T27, N2TWS, aireraft crash which
occurred near Thielle, New York, on December 1, 19T4. The Board's
continuing investigation has revealed that ice blocked the pltot heads.

A preliminary review of the evidence in this accident suggests
the possibility that the crew concentrated on air data instrumentation
to the exclusion of aircraft asttitude indicatioms. The timely use of
the attitude information mey hsve prevented the stall and subsequent
crash., ’

About 5 minutes before the rapid descent, the flight data recorder
(FDR) recorded aberrations in the airspeed trace. These aberrations
were caused by the closure of the ram mir inlet and the drain hole of
the pitot mast. These aberrations were verified by wind-tunnel icing
tests of & pitot mast and preumstic teste of an altimeter and airspeed
system. These tests produced airspeed/altitude traces similar to those
recorded on the FDR.

The Safety Board is aware of other incidents in which an aircraft
encountered difficulties while flying in freezing precipitation because
of & lack of pitot heat. In these incidents, the flightcrews recognized
the problem and took corrective sction.

Evidence in this case indicates that the pitot heater control
gwitches were not on, although the heaters were capable of operation.
The aircraft had been flying in clouds and freezing temperatures.

Recently, one air carrier reported that it is operatlng its pitot
heater system continuously and the failure rate is minimal, i.e., one
element failure per aircraft per year. Several other alr carrlers are
actively considering the institution of a similar procedure, and they
believe there would be no adversé affect on the life of the pitot heater
elements.

1481
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Honorable Alexander P. Butterfield - 2 -

The National Transportation Safety Board believes that corrective
action 1s necessary and recommends that the Federal Aviation Administration:

l.

Issue &an Operations Bulletin to all air carrier and
general aviation inspectors to stress the need for
pilots to use attitude information when questicnable
information is presented on instruments that are
dependent on the air data system. The information in
this Bulletin should be disseminated to all operators
for incorporation into their operations procedures and
training programs. (Class 1)

Issue an Airworthiness Directive to require that g
warning system be installed on transport category
aircraft which will indicate, by way of a warning light,
when the flight instrument pitot heating system is not
operating. The warning light should operate directly
from the heater electrical current. (Class 2)

Amend the applicable Federal Air Regulations to require

the pitot heating system to be on any time electrical

power is applied to an airecraft. This should also be
incorporated in the operator's operations manual, (Class 2)

Our staff is available to assist your personnel in this matter, if

desired.

REED, Chairman, McADAMS, THAYER, BURGESS, AND HALEY, Members, conecurred
in the above recommendations.

L

By{/ John H. Reed
Chairman
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THE SECRETARY OF TRANSPORTATION
WASHINGTON, D.C. 20590

March 13, 1975

. Honorable John H. Reed
Chairman, Natiomnal Transportation
Safety Board
800 Independence Avenue, S5.W.
Washington, D. C. 20591

Dear Mr. Chairman:

This is to acknowledge receipt of your letter of March 12 enclosing

a copy of a safety recommendation to the Federal Aviation Administrator
concerning the Board's investigation of the Northwest Airlines, Inc.,
Boeing 727, N274US, aircraft crash which occurred near Thielle, New
York, on December 1, 1974.

The recommendations are receiving attention by the Department's
Assistant Secretary for Environment, Safety and Consumer Affairs,

as well as other appropriate Departméntal officials.

Sincerely,

William T. Coleman, Jr.
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DEPARTMENT OF TRANSPORTATION
FEDERAL AVIATION ADMINISTRATION

WASHINGTON, D.C. 20590

OFFICE OF
THE ADMINISTRATOR

MAY 27 1975 ' | ) Notation 1481

Honorable John He Reed

Chairman, National Transportation Safety Board
800 Independence Avenue, S. We .
Washington, D. C. 20594

Dear -Mr. Chairmany

This is in response to your letter of March 12 which transmitted
NTSB Safety Recommendations A-~75-25 thru 27.

Recommendation No, 1.

Issue an Operations Bulletin to all air carrier and general aviation
inspectors to stress the need for pilots to use attitude information
when questionable information is presented on instruments that are
dependent on the air data systems The information in this Bulletin
should be disseminated to all operators for incorporation into their
operations procedures and training programs. (Class 1)

Comment.,

Adr Carrier Operations Alert Bulletin 75-3 dated February 13 covers
this subject. A Part 135, Air Taxi Bulletin, is being prepared. We
are also considering the issuance of an advisory cirecular on the

sub ject. B

Recommendation No. 2.

Issue an Airworthiness Directive to require that a warning system be
installed on transport category aircraft which will indicate, by way
of a warning light, when the flight instrument pitot heating system
is not operating. The warning light should operate directly from the
heater electrical current. (Class 2) |

Comment; .

We do not concur in this recommendation. Some current aircraft have -
cycling types of pitot heaters. These cycle on and off as controlled
by thermostats or timers. Warning lights would flash on and off with
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the cycling. We consider this as distracting and possibly detrimental

to safety. Other aircraft in which the pitot heat is controlled directly
by a simple on-off switch could be modified by adding a power relay and
warning light. We do not consider this necessary or desirable. Operation
of pitot heat is on cockpit checklists and is well covered in operations
manuals and crew training. In addition, the effectiveness of additional
warning lights among the many warning lights presently installed in the
cockpit is of doubtful value.

Recommendation No. 3.

Amend the applicable Federal Air Regulations to require the pitot heating
system to be on any time electrical power is applied to an aircraft.

This shm):ld glso be incorporated in the operator's operations manual.
{Class 2 '

Comment.

This recommendation is considered to apply to all types of aircraft in

service and to future designs. We propose to delete from consideration
those aircraft which are limited to VFR flight cnly since they are not

required to have any deicing capabilitiese.

Retrofit on existing aircraft presents many problems and we do not
consider the recommendation practical for general adoption. Some
cyclic installations will not tolerate continuous heat and would have
to be completely replaced. Continuous heat would be unsafe in many
circumstances such as extended parking with electricel power one As
you mentioned, reliability would be reduced leading to more frequent
unsafe conditions in flight. We do not consider retrofit of existing
aircraft practical or feasible.

For new designs the recommendation may be feasible because the installations
‘can be safe and reliable by design of interfacing electrical power systems,
positioning of pitot tubes, and construction of pitot tubes. A regulatory
project leading to a Notice of Proposed Rule Making and subsequently a

rule requiring an appropriately designed pitot heating system is being
established.

Sincerely,

: Acting Administrator
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-l File No. 1-0031

NATIONAL TRANSPORTATION SAFETY BOARD
WASHINGTON, D.C. 2059

ATRCRAFT ACCIDENT REPORT

. Adopted August 13, 1975

NORTHWEST AIRLINES, INC.
BOEING 727-251, N274US
NEAR THIELLS, NEW YORK

DECEMBER 1, 1974

SYNOPSIS

About 1926 e.s.t, on December 1, 1974, Northwest Airlines Flight
6231, a Boeing 727-251, crashed about 3.2 nmi west of Thiells, New York.
Flight 6231 was a ferry flight to Buffalo, New York. The accident occur=-
red about 12 minutes after the flight had departed John F, Kennedy Inter=-
national Airport, Jamaica, New York., Three crewmembers, the only persons
aboard the aircraft, died in the crash, The aircraft was destroyed.

. The aircraft stalled at 24,800 feet m.s.l. and entered an uncontrol-
led, spiralling descent to the ground, Throughout the stall and descent
the flightcrew did not recognize the actual condition of the ajrcraft and
did not take the correct measures necessary to return the aireraft to
level flight. Near 3,500 feet m.s,l., a large portion of the left hori-
zontal stabilizer separated from the ailrcraft, which made control of the
aircraft impossible,

The National Transportation Safety Board determines that the probable
cause of this accident was the loss of control of the aircraft because the
flighterew failed to recognize and correct the aircraft's high-angle~of=
attack, low-speed stall and its descending spiral. The stall was precipi-
tated by the flightcrew's improper reaction to erroneocus airspeed and
Mach indications which had resulted from a blockage of the pitot heads by
atmospheric icing. Contrary to standard operational procedures, the
flightcrew had not activated the pitot head heaters.

1. TINVESTIGATION

1.1 History of Flight

On December 1, 1974, Northwest Airlines, Inc., Flight 6231, a Boeing
727-251, N274U8, was a ferry flight from John F. Kennedy Internatiomal
Airport (JFK), Jamafca, New York, to Buffalo, New York. Three crew-
members were the only persons aboard the aircraft.
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Flight 6231 departed JFK about 1914 1/ on a standard instrument departure.
After takeoff, Kennedy departure control cleared the flight to climb to
14,000 feet. 2/ At 1920:21, New York air route traffic control center
(ZNY) assumed radar control of the flight, and at 1921:07, ZNY cleared
the flight to climb to flight level 310. 3/

Flight 6231 proceeded without reported difficulty until 1924:42,
when a crewmember transmitted, "Mayday, mayday ... " on ZNY frequency.
The ZNY controller responded, "... go ahead," and che crewmenber said,
"Roger, we're out of control, descending through 20,000 feet,"

After giving interim altitude clearances, at 1925:21, the ZNY con-
troller asked Flight 6231 what their problem was, and a crewmember re-
sponded, '"We're descending through 12, we're in a stall.”" The sound of
an active radio transmitter was recorded at 1925:38, There were no
further transmissions from Flight 6231,

. At 1925:57, Flight 6231 crashed in a forest in the Harriman State
Park, about 3.2 nmi west of Thiells, New York. No one witnessed the crash.

The accident occurred during hours of darkness.

The geographic coordinates of the accident site are 41° 12' 53" N,
latitude and 74° 5' 40" W, longitude,

1.2 Injuries to Persons

Injuries Crew Pagsengers Other
Fatal 3 0 0
Nonfatal 4] 0 0
None 0 0

1.4 Damage to Aircraft
The aircraft was destroyed.

1.4 Other Damage

Trees and bushes were either damaged or destroyed,

1.5 Crew Information

The crewmembers were qualified and certificated for the flight. The
three crewmembers had off-duty periods of 15 hours 31 minutes during the
24-hour period preceding the flight. (See Appendix B,)

1/ All times herein are eastern standard, based on the 24-hour clock.

2/ All altitudes herein are mean sea level, unless otherwise indicated.

3/ An altitude of 31,000 feet which is maintained with an altimeter
gerting of 29,92 inches.
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In October 1974, the first officer aﬂvanced from second officer in
B-707 aircraft to first officer in B-727 aircraft; he had flown about 46
hours in the latter capacity.

1.6 Aircraft Information

N274US was owned and operated by Northwest Airlines, Inmc, It was
certificated and maintained in accordance with Federal Aviation Adminis-
tration (FAA) regulations and requirements. (See Appendix C.)

N274US was loaded with 48,500 1bs. of Jet A fuel., The gross weight
at takeoff was about 147,000 lbs. The weight and center of gravity (c.g.)
were within prescribed limits., The aircraft was in compliance with all
pertinent airworthiness directives.

In the Boeing 727 aircraft, the pitot-static instruments on the cap-
tain's panel, the pitot-static instruments on the first officer's panel,
and the pitot-static instrumentation in the flight data recorder (FDR) are
connected to separate pitot and static sources. The three pitot systems
have no common elements and are completely independent, The three static
systems are also independent except for manual selector valves in both the
captain's and first officer's systems which provide for selection of the
FDR static system as an alternate pressure source if either primary source
malfunctions.

The first officer's pitot and static systems are connected to a Mach
airspeed warning switch, The switch activates a warning horn when it
senses a differential pressure which indicates that the air- N
craft's speed is exceeding Vp, or My, 4/ aepending on the aircraft's
altitude, A redundant Mach airspeed warning system is incorporated in
the FDR pitot and static systems, :

The pitot head for the captain's pitot system is located on the left
side of the aircraft's fuselage; the pitot heads for the first officer's
system .and the FDR system are located on the right side of the fuselage.
Each of these heads incorporates a heating element and a small drain hole,
for exhausting molsture, aft of the total pressure sensing inlet. The
" three static systems each have a static port located on either side of the
fuselage. The left static port is connected to the right static port to
offset sideslip effects by balancing the pressures within the systems.
Each of the ports is equipped with a heating element.

In addition to the above systems, two Independent pitot-static
systems are connected to a mechanlsm in the aircraft's longitudinal con-
trol system. The force which the pilot must exert to move the elevator
control surfaces varies as a function of the dynamlc pressure measured
by these systems. The two pitot heads for these systems are mounted one
on each side of the wertical stabllizer, and their design is similar to
the other pitot heads. '

4] Maximum operating limit speed or maximum operating limit Mach.



1.7 Metecrological Information

Northwest Airlines' meteorology department supplied the weather in-
formation for Flight 6231. This information included a synopsis of sur-
face conditions, terminal forecasts, a tropopause and wind forecast for
the 300=millibar level, approprilate surface observations, and turbulence
plots. For the period 1700 to 2300, Northwest meteorologists forecasted
moderate to heavy snowshowers from Lake Michigan to the Appalachian
Mountains and moderate to heavy rainshowers and scattered thunderstorms
east of the Appalachians.

Northwest's turbulence plot (TP) No. East 2 was in effect and avail-
able to the flighterew on the day of the accident., TP East 2 was a tri-
angular area defined by lines commecting Pittsburgh, Pennsylvania, New
York City, New York, and Richmond, Virginia. Thunderstorm cells with
maximum tops to 28,000 feet were located in this area.

., SIGMET 5/ De}lta 2, issued at 1755 and valid 1755 to 2200, predicted
frequent moderate icing in clouds, locally severe in precipitation above
the freezing level, which was at the surface in southwestern New York and
which sloped to 6,000 feet eastward to the Atlantic coast.

The surface weather observations at Newburgh, New York, about 17
miles north of the accident site, were:

1900 - Estimated ceiling == 2,500 feet broken, 5,000 feet over-
cast, visibility -- 12 miles, temperature - 34°F., dew
point -- 220F,, wind -~ 070° at 14 kn, gusts == 24 kn,
altimeter setting -- 29.98 in.

2000 = Similar conditions to those reported at 1900 except
that very light ice pellets were falling.

Another Northwest flight was on a similar route behind Flight 6231.
The captain of that flight stated that he encountered icing and light
turbulence in his climb. He was in instrument conditions from 1,500 feet
to 23,000 feet, except for a few minutes between cloud layers at an
intermediate altitude.

-1.8 Ailds to Navigation

There were no problems with navigational aids.

1.9 Communications

There were no problems with air-to-ground communications.

3/ A SIGMET is an advisory of weather severe enough to be potentially
hazardous to all aircraft. It is broadcast on navigational and voice
frequencies and by flight service stations. It is also transmitted on
@~wr-jce=A weather teletype circuits.
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"1.10 Aerodrome and Ground Facilities

Not applicable.

1.11 Flight Recorders -

N274US was equipped with a Fairchild Model 5424 flight data recorder
(FDR) , serial No. 5146, and a Fairchild A=100 cockpit voice recorder
(CVR), serial No. 1640. Both recorders sustained superficial mechanical
damage, but the recording tapes were intact and undamaged. All of the
" FDR traces and the CVR channels were clearly recorded.

The readout of the FDR traces involved 11 minutes 54.6 seconds of
flight, beginning 15 seconds before liftoff.

Pertinent portions of the CVR tape were transcribed, beginning with
the flightcrew's execution of the pretakeoff checklist and ending with the
sounds of impact. The following transcript was made of the flightcrew's
activities between 1906:36 and 1906:51:

¥Pirst Officer: Zero, zero and thirty-one, fifteen, fifteen .... blue.

Second Officer: 3Bug.
ASecond Officer; Pitot heat.
First Officer: Off and on,

Captain: One forty-two is the bug.
First Officer:; Or ... do you want the engine heat on?

First Officer: Huh!
Sound of five clicks.

Alr-to-ground communications, cockpit conversations, and other sounds
recorded on the CVR were correlated to the FDR altitude, airspeed, head-
ing, and vertical acceleration traces by matching the radio transmission
time indications on both the CVR and FDR.

The FDR to CVR correlation showed that after takeoff, the aircraft
elimbed to 13,500 feet and remained at that altitude for about 50 seconds,
during which time the airspeed 6/ increased from 264 kn to 304 kn. During
that 50 seconds, the airspeed trace showed two aberrations in a 27-second
period; each aberration was characterized by a sudden reduction in airspeed.
These reductions were 40 kn and 140 kn and lasted for 7 and 5 seconds,

respectively.

6/ All airspeeds are indicated airspeeds, unless otherwise noted.
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The aircraft then began to climb 2,500 feet per minute while main-
taining an airspeed of about 305 kn, As the altitude increased above
16,000 feet, the recorded airspeed began to increase. Subsequently,‘both
the rate of climb and the rate of change in airspeed increased. About
this same time, the first officer commented, "Do you realize we're going
340 kn and I'm climbing 5,000 feet a minute?"

The flightcrew discussed the implications of thé high alrspeed and
~high rate of climb. The second officer commented, "That's because we're
light," after which the captain said, "It gives up real fast," and "I
wish I had my shoulder harness on, it's going to give up pretty soon."
The rate of climb eventually exceeded 6,500 feat per minute,

The sound of an overspeed warning horn was recorded as the altitude
reached 23,000 feet. At that time, the recorded airspeed was 405 Hn and
the following conversation took place:

Captain: 'Would you believe that #."
First Officer: "I believe it, I just can't do anything about it."
Captain: "No, just pull her back, let her climb."

This last comment was followed by the sound of a second overspeed warning
horn.

The sound of the stall warning stick shaker was recorded intermittent-
ly less than 10 seconds after the onset of the overspeed warning. Five
seconds later, vertical acceleration reduced to 0.8g, and the altitude
leveled at 24,800 feet. The recorded édirspeed was 420 kn,

The stall warning began again and continued while the first officer
commented, "There's that Mach buffet, 7/ guess we'll have to pull it up,"
followed by the captain's command, "Pull it up,” and the sound of the
landing gear warning horn, The FDR readout shows the following:

Two seconds later (about 13 seconds after the aircraft arrived
at 24,800 feet), the vertical acceleration trace again declined to
0.8z and the altitude trace began to descend at a rate of 15,000
feet per minute, The airspeed trace decreased simultaneously at a
rate of 4 kn per second and the magnetic heading trace changed from
290° to 080° within 10 seconds, which indicated that the aircraft
was turning rapidly to the right.

2/ A slight buffet that occurs when-an aircraft exceeds its critical
Mach number, 'The buffet is caused by the formation of a shock wave
on the airfoil surfaces and a separation of airflow aft of the shock
wave. The change from laminar flow to turbulent flow aft of the
shock wave causes a high frequency vibration in the control surfaces
which is described as "buffet" or "buzz,"
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As the aircraft continued to descend, the vertical acceleration
trace increased to 1.5g. The aircraft's magnetic heading trace
fluctuated, but moved basically to the right. About 10 seconds
after the descent began, the "Mayday'" was transmitted.

Thirty-three seconds later the crew reported, "We're descending
through 12, we're in a stall." About 5 seconds after that transmise
sion, the captain commanded, "Flaps two....," and a sound similar to
movement of the flap handle was recorded. There was no apparent
change in the rate of descent; however, the vertical acceleration
trace increased immediately, with peaks to +3g. The recorded air-
speed decreased to zero, and the sound of the stall warning became
intermittent.

Five seconds after the captain's command for flaps, the first
officer said, "Pull now ... pull, that's it." Ten seconds later,
the peak values for vertical acceleration increased to +5g. THe
rate of descent decreased slightly; however, the altitude continued
to decrease to 1,090 feet -~ the elevation of the terrain at the ac-
cident site, The aircraft had descended from 24,800 feet in 83
seconds,

1.12 Aircraft Wreckage

The aircraft struck the ground in a slightly nosedown and right wing-
down attitude in an area where the terrain sloped dowmward about 10°. The
aircraft structure had disintegrated and ruptured and was distorted ex-
tensively. There was no evidence of a preexisting malfunction in any of
the aircraft's systems.

Except for both elevator tips, the left horizontal stabilizer, and
three pieces of light structure from the left stabilizer, the entire air-
craft was located within an area 180 feet long and 100 feet wide. The
above components were located between 375 feet and 4,200 feet from the
main wreckage. '

The horizontal stabilizer trim setting was 1.2 units of trim air-
craft noseup. The landing gear and spoilers were retracted. The wing
trailing edge flaps were extended to the 2° position, and the Nos. 2, 3,
6, and 7 leading edge slats were fully extended, which corresponded to a
trailing edge flap selection of 2°,

The No. 1 and No. 3 engines were separated from thelr respective
pylons. The No. 2 engine remained in its mounting in the empennage. The
engines exhibited impact damage but little rotational damage. The speed
servo cams in all three fuel control units were at or near their high
speed detents.

The outboard section of the left horizontal stabilizer had separated
hetween stations 50 and 60, The inboard section remained attached to the
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vertical stabilizer. The left elevator between stations 78 and 223 re-
mained attached to the separated section. The right horizontal stabilizer
was attached to the vertical stabilizer except for the tip section from
station 188 outboard. The right elevator, from station 188 inboard, ite-
mained attached to the horizontal stabilizer.

The three attitude indicators were dameged on impact. The indicators
showed similar attitude information -- 20° nosedown, with the wings almost
level. :

The two pitot head heater switches were in the "off" position and the
switches' toggle levers were bent aft. The damage to the switch levers
and the debris deposited on them was that which would be expected if they
had been in the "off" position at impact., A new switch with its toggle
lever in the "off" position, when struck with a heavy object, exhibited
internal damage similar to the damage found in the internal portions of
the right pitot heater switch.

Four of the five pitot head heater circuit breakers were operable and
were electrically closed. The auxillary pitot head heater circuit breaker
was jammed into its mounting structure, and it was electrically open.

The left elevator pitot head was lying on the frozen ground; when re-
trieved, at least eight drops of water dripped from the pressure inlet
port. After exposure to sunlight, more water drained from the port. The
captain's pitot head was retrieved and cleared of frozen mud. The pres=
sure inlet port was filled with dry wood fibers. After exposgure to sun=
light, wet wood fibers were removed from the interior of the inlet port,
and molsture was present on the inner surface of the port, The copilot's
pitot head and the auxilary pitot head were crushed and damaged severely;
they could not be checked for water content. The right elevator pitot
head remained attached to the vertical stabilizer. The head was in good
condition and contained no water or ice.

The engine anti-ice switches for the Nos, 1 and 2 engines were in the
"open" position., The switch for the No. 3 engine was in the 'closed”
position and the switch handle was bent aft, Tests of the bulb filaments
of the engine anti-ice indicator lights showed that all three lights were
on at impact.

1.13 Medical and Pathological Information

The three crewmembers were killed in the crash. Toxicological tests
disclosed no evidence of carbon monoxide, hydrogen cyanide, alcohol, or
drugs in any of the crewmembers. :

1.14 Fire

There was no fire, either during flight or after impact,



1.15 Survival Aspects

The accident was not survivable.

1.16 Tests and Résearch

1.16.1 Pitot Head Examination and Tcing Tests

A metallurgical examination of the separated heater conductor wire in
the pitot head from the first officer's pitot system showed that the cir-
cumference of the wire was reduced before the wire broke. The metal in
the wire had not melted, and there were no signs of electrical current
arcing or shorting. )

A pitot head of the same type that provided pitot pressure to the
first officer's airspeed/Mach indicator was exposed to icing conditions
in a wind tunnel, With the pitot heater inoperative, 1 to 2 inches of
ice formed over the pressure inlet port. During the exposure, a thin
film of water flowed into the pressure port, some of which flowed out of
the drain hole. ’

Blockage of the drain hole by ice seemed to depend on the length of
time required for ice to form and block the total pressure inlet port.
The longer it took for ice to form and block the total pressure port, the
more likely it became that the drain hole would be blocked by ice. Also,
the greater the angle between the longitudinal axis of the pitot head and
the relative wind, the greater the liketihood that the drain hole would
become blocked with ice.

Constant altitude pressure measurements showed that when the total
pressure inlet port was blocked by ice and the drain hole remained open,
pressure changes occurred that would cause a reduction of indicated air-
speed. However, when both the total pressure port and drain hole were
blocked, the total pressure remained constant, which would cause indicated
airspeed to remain fixed. Also, abrupt and small pressure fluctuations
occurred shortly before either the pressure port or drain hole became
blocked by ice.

* In an effort to reproduce the apparent inconsistencies between the
airspeed and altitude values on the FDR traces, tests were conducted with
an airspeed indicator and an altimeter connected to vacuum and pressure
sources. By altering the wvacuum to the altimeter and to the airspeed
indicator, the altitude trace could be reproduced. However, following
ascent above 16,000 feet, the FDR airspeed and altitude values could be
simultaneously duplicated only when the total pressure to the airspeed
indicator was fixed at its FDR value for an altimeter reading of about
15,675 feet and an indicated airspeed of about 302 kn.



- 10 =

1.16.2 Aircraft Performance Analysis

"Following the accident, the Safety Board requested that the aircraft
matufacturer analyze the data from the CVR and FDR to determine: (1) The
consistency of these data, particularly the airspeed and altitude values,
with the theoretical performance of the aircraft; (2) the significance and
possible reason for a simultaneous activation of the overspeed and stall
warning systems3 and (3) the body attitude of the aircraft during its
final ascent and descent. The following are some results of the minu-
facturer's performance analysis:

The airspeed and altitude values which were recorded were consistent
with the aircraft's predicted climb performance until the aircraft reached
16,000 feet, The simultaneous increases in both airspeed and rate of asg-
cent which were recorded thereafter exceeded the theoretical performance
capability of a B-727-200 series aircraft of the same weight as N274US.
Consequently, the recorded airspeed values were suspected to be erroneous,
and it appeared that they varied directly with the change in recorded alti-
tude. The recorded alrspeeds correlated within 5 percent with the theo-
retical airspeeds which would be expected if the pressure measured in the
pitot system had remained constant after the aireraft's climb through
16,000 feet,

The indicated airspeed of the aircraft when the stick shaker was
first activated was calculated to be 165 kn as compared to the 412 kn
recorded by the FDR. The decrease in airspeed from 305 kn to 165 kn as
the aircraft climbed from 16,000 feet to 24,000 feet (within 116 seconds)
is within the aircraft's theoretical climb power performance. The air-
craft's pitch attitude would have been about 30° noseup as stick shaker
speed was approached., The stall warning stick shaker is activated by
angle of attack instrumentation which is completely irdependent of, and
therefore not affected by errors in, the aircraft's airspeed measuring
Bystems,

Vertical acceleration reduced slightly as the aircraft leveled at
24,800 feet probably because the pilot relaxed the back pressure being
applied to the control columm. The stick shaker ceased momentarily; how=-
ever, the aircraft continued to decelerate because of the drag induced by
the high body attitude, and the stick shaker reactivated. Boeing person=
nel interpreted the sound of the landing gear warning horn on the CVR to
imdicate that the thrust levers had been retarded to idle. The second re-
duction in vertical acceleration ~- to 0.8g which was coincident with a
sudden descent and a rapid magnetic heading change =- was probably caused
by an aerodynamic stall with a probable loss of lateral control.

Theoretical relationships of angle of attack, velocity, and drag were
compared to the recorded rate of descent and load factor to determine the
attitude of the aircraft after the stall, The comparison showed that the
aircraft attained an angle of attack of 229, or greater, during the
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descent, Transient nosedown attitudes of more than 60° would have been
required to achieve the measured descent rate with an angle. of attack of
229, The variations in load factors, which averaged about +l.5g, were
attributed to variations in the aircraft's angle of bank,

The aircraft was probably exceeding 230 kn, with a nosedown attitude
of about 502 as it descended below 11,000 feet, when the flaps were ex-
tended to 2°, The momentary cessation of the stick shaker indicated that
the angle of attack had been reduced to less than 13°, The increase in
vertical acceleration to 2.5g was attributed to the aircraft's being in
‘a tight nosedown spiral with a bank angle between 70° and 80°.

With a normally operating elevator feel system, and a stabilizer trim
setting of 1,2 units alrcraft noseup, the pilot would have to exert a pull
force of between 45 and 50 1lbs. to achieve a 2.5g load factor at 5,000
feet and 250 kn. If, however, the elevator pitot system was blocked so
that the system sensed a zero indicated airspeed, a pull force of less.
than 30 lbs, would have produced the same load factor. After the aireraft
had descended through 5,000 feet, the load factor reached peak values of
+5g.

The manufacturer's engineers stated that the aircraft's structural
limits would have been exceeded at high angles of sideslip and load fac=-
tors approaching +5g. They stated that a consequent failure of the
elevator assemblies could have produced an aerodynamic flutter which
could have, in turn, caused the elevator spar to fail and the left hori-
zontal stabilizer to separate., With the aircraft at a stall angle of
attack when the horizontal stabilizer separated, an uncontrollable noseup
pitching moment would have been produced, which could have resulted in
an angle of attack of 40° or more.

1.17 Other Information

1,17.1 Pretakeoff Checklist

Northwest Airlines' operational procedures require that the flight-
crew make a pretakeoff check of certain items, The second officer is re-
quired to read the checklist items, and the first officer must check the
items and respond to the second officer's challenge. Included on the
checklist are:

Second Officer First Officer

Flaps 15, 15 (25,25) Blue
Marked Bug K (C, FO) Numbers Set

Ice Protection OFF (ON)

Pitot Heat ON

Pressurization (C, FO) Zero, o,

Normal Flags
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Company pilots stated that the checklist is used only to check that
the required action has already been performed; it i1s not used as a list
of items to be accomplished. With regard to the activation of pitot head
heaters, it was the first officer's duty to turn the two switches to the
Yon'" position shortly after the engines had been started and to check the
ammeter readings on the various heaters to confirm their proper operation.
After checking these items, he was supposed to leave the pitot heater
switches on and to check that they were on during the pretakeoff check.

1,17.2 Airspeed Measuring System

When an aircraft moves through anair mass, pressure iscreated ahead of
the aircraft, which adds to the existing static pressure within the air
mass, The added pressure, dynamic pressure, is directly proportional to
the velocity of the aircraft. When a symmetrically shaped object, such as
a pitot head, is placed into the moving airstream, the flow of air will
separate around the nose of the object so that the local wvelocity at the
nose is zero., At the zero velocity point, the airstream dynamic pressure
is converted into an increase in the local static pressure, Thus, the
pressure measured at the nose of the object 15 called total pressure, and it
is equal to the sum of the dynamic pressure and the ambient static pressure.

In an aircraft airspeed measuring system, the total pressure is
measured by the pitot head and is transmitted through the pitot system
plumbing to one side of a differential pressure measuring Instrument (air=-
speed indicator), The ambient static pressure is measured at static
ports which are mounted in an area that’is not significantly influenced
by the moving airstream. The static pressure measured at these ports is
transmitted to the opposite side of the differential pressure measuring
Instrument. In effect, the differential pressure instrument (whether it
be an airspeed indicator gage, a flight data recorder pressure transmit=-
ter, or a component within an alr data computer) subtracts the ambient
static pressure measured by the static system from the total pressure
measured by the pitot system. The resultant dynamic pressure 1is a
direct measurement of indicated airspeed.

Since the ambient static pressure is a component part of total pres-
sure, any change in static pressure would normally result in an equal
change in both the pitot and static¢ pressure systems, Therefore, a change
in ambient static pressure, such as that encountered during a change in
altitude, would normally have no effect on airspeed measurement, Only a
change in dynamic pressure produced by a change in the aircraft's velocity
would cause a change in the indicated airspeed. If, however, only one
side of the airspeed indicator sensed a change in the ambient static pres-
sure, an erroneous change in indicated airspeed would result, even though
the actual dynamic pressure remained unchanged. Such a condition would
occur if either the pitot or static system was blocked or was otherwise
rendered insensitive to external predsure changes,
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In the event of a blocked pitot or static system, the direction of
the indicated airspeed error would depend on which of the systems was
blocked and the direction of change in the ambilent static pressure.
Under conditions where the pressure in the static system increases with
respect to the pressure in the pitot system, the indicated airspeed will
read low erroneously. For the opposite condition, where the pressure in
the static system decreases with respect to the pressure in the pitot
system, the indicated airspeed will read high erroneously. ' The latter
would exist if the pitot head was blocked so that a constant pressure
was. trapped in the pitot system while the aircraft was ascending. This
is because the static system pressure would decrease and the resultant
differential pressure would appear as an increase in dynamic pressure.

Indicated airspeed error may also occur when the pitot system be-
comes insensitive to changes in total pressure in such a manner that the
system vents to an ambient static pressure source, The pressure measured
by the pitot system will equalize with the pressure in the static system,
and the dynamic pressure (indicated airspeed) will decrease to zero. The
vent source in a pitot head which can produce this kind of error is the
moisture drain hole which is located downstream from a blocked total
pressure sensing inlet.

1.17.3 B=727 Stall Characteristics

During its type certification process, the B-727-200 series aircraft
demonstrated stall characteristics which met the requirements of the Civil
Air Regulations, parts 4b. 160-162. The significant requirements defined
therein are: (1) That, at an angle of attack measurably greater than that
of maximum 1lift, the inherent flight characteristics give a clear indica-
tion to the pilot that the aircraft is stalled =-- typical indications are
a nosedown pitch or a roll which cannot be readily arrested; (2) that re=-
covery from the stall can be effected by normal recovery techniques start-
ing as soon as the aircraft is stalled; (3) that there is no abnormal
noseup pitching and that the longitudipal control force be positive, up
to an including the stall; (4) that a safe recovery from a stall can be
effected with the eritical engine inoperative; and (5) that a clear and
distinctive stall warning be apparent to the pilot at an airspeed at
least 7 percent above the stalling airspeed.

The certification stall tests, conducted with the aircraft in all
operating configurations and with the most adverse weight and c.g. condi-
tions, demonstrated that as the alrcraft was slowed and its wing angle of
‘attack was increased, the buffet produced by airflow separation from the
wing provided a natural warning of impending stall. With the landing
flaps extended, however, the airspeed margin provided by the buffet warn-
ing was considered to be insufficient. Consequently, a stick shaker sys-
tem was installed to provide an artificial warning for all configurations.
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In the clean configuration, 8/ the stick shaker activated when the
angle of attack reached 13°. When the aircraft was slowed further,
natural buffeting occurred at an angle of attack between 16° and 18°,
The buffet was described as '"quite heavy" when the speed was reduced to
within 2 to 3 kn of the speed associated with maximum lift. When the
angle of attack for maximum lift (about 22°) was reached, there was a
tendency for the nose to drop 1f the pilot relaxed pressure on the con-
trol columm. Also, lateral stability was reduced hoticeably, which in-
creased the pilot's workload in maintaining wings-lewvel flight.

During certification flight tests, the angle of attack was increased
to 259, after which recovery was effected by relaxing the pull force on
the control columm. With the use of engine thrust during recovery, the
altitude lost was restricted to about 2,000 feet.

Up to the onset of stall buffet, the longitudinal control forces
needed to effect stall entry Iincreased as the angle of attack increased.
At higher angles of attack, up to and beyond the angle for maximum 1lift,
the pull force required to maintain a noseup pitching moment decreased.
The forces did not reverse, however, and, with normal trim, a reduction
in pull force resulted in a decreased angle of attack.

The B-727 longitudinal control system is capable of developing the noseup
pitching moments needed to obtain angles of attack much higher than those
assoclated with stall. For an aircraft having the same weight, c.g. loca-
tion, and stabilizer trim setting as N274US, the manufacturer's analysis
showed that an angle of attack of approximately 37° could be attained if
a continuous pull force was exerted to hold the control columm aft.

Like other ailrcraft which have horizontal stabilizers located near or
on top of their vertical stabilizers, the B-727 does pass through a range
of high angles of attack where longitudinal instability occurs. This in~
stability causes the aircraft, when no control force is applied, to pitch
to even higher angles of attack, Longitudinal instability is caused by
degraded horizontal stabilizer effectiveness when the aircraft's attitude
is such that the horizontal stabilizer is enveloped by the low-energy tur=-
bulent air in the wake from the wings. When these high angles of attack
are reached, a push force on the control columm is required to reduce the
angle of attack. For a B~727 with an aft c.g. location and stabilizer
trim in the cruise range, wind tunnel data show that a nosedown pitching
moment will decrease the angle of attack and stall recovery can be attained
by applying push forces to the control columm.

A stick pusher is a device which will apply a force to move the con-
trol columm forward when the angle of attack for maximum lift is exceeded.
The usefulness of a stick pusher is controversial since it can effect pri-
mary control of the aircraft. However, a stick pusher is required on
B-727 and other aircraft registered by the United Kingdom. That stick
pusher is designed so that its action can be overpowered by a pull force
of about 80 1lbs, on the pilot's control columm,

8/ Without landing gear, flaps, or spoilers extended,
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2, ANALYSIS AND CONCLUSIONS

2.1 Analysis

' The aircraft was certificated, equipped, and maintained in accord-
ance with regulations and approved procedures., The aircraft weighed sub=-
stantially less than its authorized maximum weight for takeoff,

Although the speed servo cams in all three engine fuel controllers
were positioned for high engine revolutions per minute, the engines were
producing very little thrust at impact as evidenced by the absence of sig-
nificant rotational damage to the engines. Probably, the throttles had
been advanced shortly-before impact, but there was either insufficient
time for the engines to accelerate, or acceleration was limited because
alrflow into the engine inlets had been distorted by the extreme angle of
attack and probable sideslip.

The flightcrew was properly certificated and each crewmember had re-
celved the training and off-duty time prescribed by regulations. There
wae no evidence of medical or physiological problems that might have
affected their performance.

The conversations recorded on the CVR revealed that, following ascent
above 13,500 feet, the flightcrew became concerned and puzzled by the ap-
parent performance of the aircraft because of the indicated airspeed and
the indicated rate of ascent, The FDR alrspeed and altitude traces pro-
vided investigators an insight regarding these conversations. The air-
speed trace increased rapidly after the aircraft ascended above 16,000
feet while the rate of climb continued to increase and eventually reached
a peak value of 6,500 feet per minute, The Boeing Company's analysis of
the airspeed and rates of climb values that registered above 16,000 feet
showed that these values were incompatible with the aircraft's performance
capabilities,

Analysis showed that there was a direct relationship between the air-
speed and altitude values, This relationship was based on the assumptions
that (1) the total pressure measured by the FDR pitot system remained con-
stant after the aircraft ascended above 16,000 feet, and (2) the pressure
measured by the FDR static system varied according to the recorded alti-
tude values, These assumptions were substantiated by the tests which
determined that the FDR airspeed and altitude traces could be reproduced
only if the total pressure to the airspeed indicator was held constant
during ascent above 16,000 feet.

Although the pitot systems for the captain's and first officer's air-
speed Mach indicators and the FDR airspeed instrumentation are three sepa-
rate and completely independent systems, it is reasonable to conclude that
all three systems were sensing nearly identical and erroneous total pres=
sures. This can be concluded because the flightcrew made no reference to
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any difference between the airspeed readings on the captain's and first
officer's indicators, and the first officer's reference to "...going 340
kn ..." corresponded closely to the airspeed value recorded on the FDR at
that time, Additionally, the near simultaneous activation of the over-
speed warning systems tends to prove that the first officer's airspeed was
close to the value recorded on the FDR when the aircraft neared its peak
altitude, ’

The erroneously high airspeed indications were caused by a complete
and nearly simultaneous blockage of all three pitot pressure systems,
Moreover, since the only common elements among the systems were the
design features of the pitot heads and the environment to which they were
exposed, the Safety Board concludes that the pitot heads were blocked by
ice which formed around the heads and closed the drain holes and the pres-
sure inlet ports. The conclusion is supported py the airspeed aberrations
that were recorded while the aircraft was flying level at 13,500 feet and
by the moisture which was found in the pitot heads when they were jecovered
and examined. Additionally, it is known that icing conditions existed in
the area through which Flight 6231 was flying, and it is unlikely that
any other type of blockage or malfunction would simultaneously affect the
three independent systems.

The formation of ice on the pitot heads should have been prevented by
electrical heating elements which are activated by the pitot heater
switches located in the cockpit. The Safety Board concludes that the
heating elements were never activated because the pitot heater switches
were not in the "on" position during the flight, This conclusion is sub-
stantiated by the position and condition of the switches in the wreckage,
the internal damage to the right switch, and the lack of evidence that
electrical current was present in the heater circuit to the pitot head in
the first officer's pitot system at the time of impact.

The Safety Board was unable to determine why the pitot head heater
switches were not placed in the "on" position before departure. It is
clear that the flightcrew performed the pretakeoff checks required by
Northwest's operational procedures. However, the proper checklist se-
quence was not followed, and it is possible that the first officer posi-
tioned the switches improperly because of an omission in the sequence
and his inexperience as a B-727 eopilot.

While reading the checklist, the second officer called "bug" and,
before recelving a response from either the captain or first officer, he
omitted the "fce protection" call and called "pitot heat." The first
officer apparently responded to both the omitted call and the "pitot .
heat" call by saying, "off and on," but following the captain's response
to the "bug" call, the first officer asked whether the engine heat was
needed. The captain may or may not have responded with a nod or hand
signal, but the sound of five clicks was recorded and the first officer
returned to the task of setting his airspeed bug.
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The five clicks may have been the movement of the pitot heater
switches to the "off" position and the movement of the engine anti-ice
switches to the "on" position == a reversal of their normal positions.
This assumption is supported by the position of the engine anti-~ice and
pitot heater switches in the wreckage, the condition of the lights as-
goclated with the engine anti-ice switches, and the lack of any reference
during the flight to the need for engine anti-ice,

Because of the flightcrew's comments concerning aircraft performance
and the absence of comments about possible instrument error or airspeed
system icing, the Safety Boardtuoncludgq that the flightcrew attributed the
high airspeed and the high rate of climb to the aircraft's relatively low
gross welght and to an encounter with unusual weather, which included
strong updrafts. The flightcrew's analysis of the situation must have
been strongly influenced by these factors and by the fact that both air-
speed instruments were indicating essentially the same values. However,
the aireraft's attitude as it neared the top of its ascent should have
warned them that the aircraft's performance was abnormal because its
nearly 30° noseup attitude was about 25° higher than the normal climb
attitude, and at such a high noseup attitude it would have been fmpossible
for the airspeed to continue to increase even if influenced by extreme up-
drafts, Because the use of attitude references is a fundamental of instru-
ment flying, which is stressed in Northwest's flightcrew training program,
the Safety Board concludes that the flighterew improperly relied on air-
speed indications as a means of determining aircraft performance.

Although the activation of the overspeed warning systems probably
reinforced the flightcrew's belief that they were taking appropriate
action, the operation of the stall warning stick shaker should have
alerted them that the ailrcraft actually was approaching a stall., The
first officer apparently misinterpreted the control column vibration pro=
duced by the stick shaker as Mach buffet because when the stick shaker
began, he commented, "... there's that Mach buffet.," The captain apparent-
ly agreed with this interpretation because he then commanded, '"Pull it up.”
The. almost simultaneous activation of the stall and the overspeed warning
systems undoubtedly created some confusion; however, the differences be-
tween stall buffet and Mach buffet are substantial and the former should
have been easily recognized. Again, though, it appears that the flight=-
crew relied almost exclusively on the airspeed indicators and their
related warning systems to assess the aircraft's performance,

Even after the stall, as manifested by the rapid heading change
(banked attitude) and the sudden descent, the flightcrew falled to recog-
nize the problem for a number of seconds. They continued to exert back
pressure on the control column which kept the aircraft at a high angle of
attack. They probably were having difficulty with lateral control, and
the aircraft entered into a spiralling descent to the right, during which
the actual airspeed of the aircraft began to increase rapidly,
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The erroneous airspeea Indications, the steep nosedown attitude, and
the proprioceptive sensations assoclated with the positive vertical accel-
eration forces undoubtedly contributed to confusion which prevented the
flighterew from recognizing the true condition of the aircraft. Addition-
~ally, it is probable that the nosedown and banked attitudes of the air-
craft were so steep that the horizon references in the attitude instru-
ments were nearly hidden., This would have made the lateral attitude of
the aircraft difficult to determine, However, had the pilots concentrated
more on the attitude indicators, and particularly the position of the 'sky
pointers", 9/ they probably could have returned the aircraft to level
flight had they taken appropriate corrective action within 30 to 40
seconds after the stall,

Probably because of the low airspeed indications, the captain decided
that the aircraft was in a stall. He transmitted: 'We're descending
through 12, we're in a stall," and he called.for the flaps to be extended
to 2° - a proper step in the stall recovery procedure. However, the
actual indicated airspeed at that time was probably in excess of 230 kn
and increasing rapidly; consequently, although the stick shaker ceased
operation momentarily, the extension of the flaps had little favorable
effect.

Even after the pilots decided that the aircraft was stalled, the
Safety Board believes that they continued to react primarily to the high
rate of descent indications and proprioceptive sensations because they
continued to exert a pull force on the control columm. This is substanti~
ated by the increasing vertical acceleration forces as the descent con=
tinued. However, because the wings were not leveled first, the aircraft
continued to descend rapidly in a spiralling, accelerated stall.

Since the pitot heads for the elevator feel system were probably
blocked by ice, the force required of the pilots to move the elevators
would have been increased while the aircraft was above 16,000 feet. How=
ever, when the aircraft descended below that altitude, the force required
would have been'diminished. As the descent continued below 5,000 feet, the
actual indicated airspeed probably exceeded 350 kn while the airspeed
sensed by the elevator feel system was probably near zero. Consequently,
conditions were created in which high vertical acceleration forces could
be produced with relative ease. As evidenced by the FDR acceleration
trace, high vertical acceleration forces were produced below 5,400 feet,

As the aircraft continued its descent through 3,500 feet, the high
vertical acceleration forces induced were sufficient.to cause the failure of
the left horizontal stabilizer., Thereafter, the aircraft probably rolled
to a near wings-level attitude, pitched up to an extremely high angle of
attack, and continued to descend in an uncontrollable stall to the ground,

9/ A triangular index which i positioned above the movable horizon and
which moves in the opposite direction from the aircraft's banked
attitude to indicate the number of degrees of bank.
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During the Safety Board's investigation, incidents involving possible
pitot-static system icing were reviewed. Although none of these imci~
dents resulted in a catastrophic aceident, it became clear that pitot or
static system icing during flight can and does occur. Also, the resultant
effects on pressure-operated flight instruments can produce at least ~
momentary confusion among the crevmeuwbers.

While all of the flightcrews involved in these incidents reverted to
attitude flying until the cause of the icing could be eliminated or instru-
ment £light could be terminated, it was apparent from these incidents that
some pllots who understood the basic principles of airspeed measurement
failed to analyze the possible results of a blockage of the pitot or
static systems, The pilots often failed to determine the proper reasons
for an increasing airspeed indicationj they attributtd such indications
to unusual weather phenomena.

Although unusual weather phenomena such as mountain waves, extreme
turbulence, and vertical wind shear can produce significant airspeed
deviations, these phenomena usually are of short duration and cause erratic
or abruptly changing airspeed indications rather steadily increasing,
steadily decreasing, or fixed airspeed indications, Also, the aircraft's
attitude during encounters with these phenomena is important in determin-
ing airspeed trends and possible sources of error. Consequently, the
Safety Board believes that potential pitot-static system problems and
attitude flying as a temporary remedy for these problems should be reem-
phasized in instrument flying training programs, and the Safety Board has
made a recommendation to this effect to the Administrator, Federal
Aviation Administration.

2.2 Conclusions
(2) Findings

1. All members of the flightcrew were properly certificated
and were qualified for their respective duties.

2. The aircraft had been properly maintained and was air-
worthy for the flight; its gross weight and c.g. were
within the prescribed limits.

3, There was no evidence of a system malfunction or fallure oxr.
of a structural defect in the aircraft,

4, The flightcrew had adequate weather Iinformation for the
flight.

5. The FDR vertical acceleration trace imdicates that only
light turbulence was encountered.
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The weather conditions encountered during the flight were
conducive to the formation of moderate airframe ice.

The aircraft accumlated sufficient ice during its flight
to block completely the drain holes and total pressure
inlet ports of the pitot heads; the static ports were mnot
affected by the ice.

The pltot heads became blocked at an altitude of about
16,000 feet,

The ice formed on the pitot heads because the pitot head
heater switches had not been turned on before Flight 6231
departed JFK,

The complete blockage of the pitot heads caused the cockpit
airspeed indicators to read erroneously high as the aircraft
climbed above 16,000 feet and the static pressure decreased.

The flighterew reacted to the high airspeed indications by
increasing the noseup attitude of the aircraft which ine
creased the rate of climb. While this caused the indicated
airspeed to increase more rapidly because the static pres=-
sure decreased more rapidly with the increased rate of
c¢limb, the actual airspeed was decreasing.,

The airspeed overspeed warning and stall warning stick
shaker operated simultaneously because of the blocked pitot
heads and the high noseup attitude of the aircraft.

The flightcrew misconstrued the operation of the stall
warning stick shaker as Mach buffet,

The flighterew continued to increase the noseup attitude of
the aircraft following the operation of the stall warning
stick shaker.

The aircraft stalled at an altitude of 24,800 feet while in
a noseup attitude of about 300,

Following the stall, the aircraft emtered into a right
spiralling dive at a high rate of descent, Throughout the
descent, the flightcrew reacted primarily to airspeed and
rate of descent indications instead of attitude indications,
and thus failed to initiate proper recovery techniques and
procedures,
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17. In an effort to recover the aircraft from a high rate of
descent, the flightcrew exerted excessive pull forces on
the control columns which induced high vertical acceleration
forces and caused the left horizontal stabllizer to fail.

(b) Probable Cause

The National Transportation Safety Board determines that the probable
cause of this accident was the loss of control of the aircraft because the
flightcrew failed to recognize and correct the aircraft's high-angle-of-
attack, low-speed stall and its descending spiral. The stall was pre-
cipated by the flightcrew's improper reaction to erroneous airspeed and
Mach indicatdons which had resulted from a blockage of the pitot ‘heads by
atmospheric icing. Contrary to standard operational procedures, the
flighterew had not activated the pitot head heaters.

' 3. RECOMMENDATIONS

As a result of this accident, three recommendations were made to the
Administrator, Federal Aviation Administration. (See Appendix D.)

BY THE NATIONAL TRANSPORTATION SAFETY BOARD

/s/ TRANCIS H. McADAMS
Member

/s/ 1OUIS M. THAYER
Member

/s/ TISABEL A. BURGESS
Member

john H. Reed, Chairman, and William R, Haley, Member, did not participate
in the adoption of this report.

August 13, 1975
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Investigation and Hearing

1. Investigation

The National Transportation Safety Board was notified of the accident
about 1935 on December 1, 1974. The Safety Board immediately dispatched
an investigative team to the scene. The following morning the team
established investigative groups for operations/witnesses, air traffic
control, weather, structures, powerplants, systems, flight data recorder,
maintenance records, and cockpit voice recorder.

Parties to the investigation were: The Federal Aviation Administra-
tion, Northwest Airlines, Inc., The Boeing Company, Air Line Pilots
Association, International Association of Machinists and Aerospace
Workers, and the Pratt and Whitney Division of the United Alrcraft
Corporation. 5

2. Hearing

A public hearing was held at Bear Mountain, New York, on February
12 and 13, 1975. All of the parties to the investigation except the
Pratt and Whitney Aircraft Division were parties to the hearing.

Preceding page hlank
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Airerew Informatioﬁ

Captain John B, Lagorio

Captain Lagorio, 35, was employed by Northwest Airlines on January
17, 1966. He held Airline Transport Pilot certificate No. 1496609 with
airplane multiengine and single-engine land ratings, commercial privi-
leges and a type rating in the B-727, He held Flight Engineer certifi-
cate No. 1682555 and a valid first-class medical certificate which was
issued with no limitations on August 22, 1974,

Captain Lagorio had accumulated about 7,434 flight=-hours, of which
about 1,973 were in the B~727, 1In the 30-, 60-, and 90-day periods pre-
ceding the accident, he flew about 58, 122, and 185 hours, respectively,
all in the B=727.

Ceptain Lagorio was advanced from first officer to captain on August
5, 1969. He completed his last general refresher training on January 15,
1974, and his last B-727 refresher training on November 15, 1974, He
passed a proficiency flight check in the B-727 simulator on November 15,
1974,

First Officer Walter A, Zadra

First Officer Zadra, 32, was employed by Northwest Airlines on
January 8, 1968. He held Commercial Pilot certificate No. 1624729 with
airplane miltiengine and single-engine land ratings, and an instrument
rating. He held Flight Engineer certificate No. 1834609 and a valid
first~class medical certificate which was issued with no limitations on
July 9, 1974,

First Officer Zadra had flown about 1,550 hours as a pilot or first
officer and about 3,152 hours as a second officer (flight engineer) of
which about 1,244 hours were in the B=727. He upgraded from second
officer in B-707 aireraft to first officer in B=-727 aircraft on October
16, 1974, and he had flown about 46 hours in the latter capacity, In
the 30-, 60-, and 90-days periods preceding the accident; he flew,
respectively, about 46 hours as first officer in the B=727 and 23 and
76 hours as second officer in the B-707.

First Officer Zadra completed general refresher training on January
7, 1974, and he passed a first officer proficiency check in the B=727
on October 16, 1974,
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Second Qfficer James F, Cox

Second Officer Cox, 33, was employéd by Northwest Airlines on
February 2, 196%. He held Commercial Pilot certificate No. 1643627 with
multiengine land and instrument ratings. He held Flight Engineer (turbo-
jet powered) certificate No. 1920999 and a first-class medical certifi-
cate which was issued with no limitations on March 1, 1974,

Second Officer Cox had.acquired about 1,938 hours of flying time
as a second officer with Northwest Airlines, including about 1,611 hours
in B~727 aircraft. 1In the 30-, 60-, and 90-day periods preceding the
accident, he flew about 45, 113 and 180 hours, respectively, all in
B=727 ailrcraft,

Second Officer Cox completed general refresher training on Janiiary
10, 1974, and he passed a second officer proficiency check on April 10,
1974,
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Alrcraft Information

N274US was manufactured by The Boeing Company on December 2, 1969,
and it was assigned serial No. 20295. It had accumulated about 10,289
hours of time in service.

N274US was powered by three Pratt and Whitney JT8D-7 engines.
Pertinent engine data are as follows:

Position Serial No. Total Time Time Since Heavy Maintenance
1 649153 18,641 hours 3,044 hours
2 A 654070 14,818 hours 2,234 hours
3 648988 17,612 hours 1,193 hours

All, of the required maintenance inspections and checks on the air-
craft had been performed in accordance with Northwest Airlines approved
directives,



- 27 -

NATIONAL TRANSPORTATION SAFETY BOARD
WASHINGTON, D.C.

APPENDIX D

ISSUED: March 20, 1975

Forwarded to:

Honorable Alexander P. Butterfield

Administrator '

Federal Aviation Administration ' SAFETY RECOMMENDAT!ON(S)
Washington, D. C. 20591

A-T5=25 thru =27

The National Transportation Safety Board is investigating the
Northwest Airlines, Inc., Boeing T27, NET#US, aircraft crash which
occurred near Thielle, New York, on December 1, 197%. The Board's
continuing investigation has revealed that ice blocked the pitot heads.

A preliminary review of the evidence in this accident suggeste
the possibility that the crew concentrated on air data instrumentation
to the exclusion of aircraft attitude indications. The timely use of
the sttitude information may have prevented the stall and subsequent
crash. ‘

About 5 minutes before the rapid descent, the flight data recorder
(FDR) recorded sberrations in the airspeed trace. These aberrations
were caused by the closgure of the ram air inlet and the drain hole of
the pitot mast. These aberrations were verified by wind=tunnel icing
tests of a pitot mast and pneumatic tests of an altimeter and airspeed
system. These tests produced airsPeed/altitude treces similar to those
recorded on the FDR.

The Safety Board is aware of other incidents in which an sircraft
encountered difficulties while flying in freezing precipitation because
of & lack of pitot heat. In these incidents, the flightcrews recognized
the problem and took corrective action.

Evidence in this case indicates that the pitot heater control
switches were not on, elthough the heaters were capable of operaticn.
The sireraft had been flying in clouds and freezing temperatures.

Recently, one air carrier reported that it is operating its pitot
heater system continuously and the failure rate is minimal, i.e., one
element failure per aircraft per year. Several other air carriers are
actively considering the institution of a similar procedure, and they
pbelieve there would be no adverse affect on the life of the pitot heater
elements. :

1481
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The National Transportation Safety Board believes that corrective
action is necessary and recommends that the Federal Aviation Administration:

1. Issue an Operations Bulletin to all air carrier and
general avigtion inspectors to stress the need for
pilots to use attitude information when guestionable
information is presented on instruments that are
dependent on the air data system. The informetion in
this Bulletin should be disseminated to all operators
for incorporation into their operations procedures and
training programs. (Class 1)

2. Issue an Airworthiness Directive to regquire that a
warning system be installed on transport category
ailrcraft which will indicate, by way of a warning light,
when the flight instrument pitot heating system is not
operating. The warning light should operate directly
from the hester electrical current. (Class 2)

3. Amend the applicable Federal Air Regulations to reguire
the pitot heating system to be on any time electrical
power is applied to an aireraft. This should alsc be
incorporated in the operator's operations manual. {Class 2)

Our staff is availsble to assist your personnel in this matter, if
desired.

REED, Chairman, McADAMS, THAYER, BURGESS, AND HAIEY, Members, concurred

in the above recommendations.
By{E:I

ohn H. Reed
Chairman
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APPENDIX D

THE SECRETARY OF TRANSPORTATION
WASHINGTON, D.C. 20590

March 13, 1975

. Honorable John H. Reed

Chairman, National Transportation
Safety Board '

800 Independence Avenue, S5.W.

Washington, D. C. 20591

Dear Mr. Chairman:

This is to acknowledge receipt of your letter of March 12 enclosing . .
a copy of a safety recommendation to the Federal Aviation Administrator
concerning the Board's investigation of the Northwest Airlines, Ine.,
Boeing 72?; N27408, aircraft crash which occurred near Thielle, New
‘York, on December 1, 1974,

The recomiendations are receiving attention by the Department's
Assistant Secretary for Environment, Safety and Consumer Affairs,

as well as other appropriate Departméntal officials.

Sincerely,

William T. Coleman, Jr.
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DEPARTMENT OF TRANSPORTATION
FEDERAL AVIATION ADMINISTRATION

WASHINGTON, D.C. 20590

OFFICE OF
THE ADMINISTRATOR

MAY 27 1975 Notation 1481

Honorable Johln H. Reed

Chairman, National Transportation Safety Board
800 Independence Avenue, S. We

Washington, Ds Ce 20594

Dear-Mr, Chairmans

This is in response t6 your letter of March 12 which transmitted
NTSB Safety Recommendations A~75-25 thru 27.

Recommendation No. 1.

Issue an Operations Bulletin to all air carrier and general aviation
inspectors to stress the need for pilots to use attitude information
when questionable information is presented on instruments that are
dependent on the air data systems The information in this Bulletin
should be disseminated to all operators for incorporation into their
operations procedures and training programs. (Class 1)

Comment.,

Air Carrier Operations Alert Bulletin 75-3 dated February 13 covers
this subject. A Part 135, Air Taxi Bulletin, is being prepared. We
are also considering the issuance of an advisory circular on the
Subject- -

Recommendation No. 2.

Issue an Airworthiness Directive to require that a warning system be
installed on transport category aircraft which will indicate, by way
of a warning light, when the flight instrument pitot heating system
is not operating. The warning light should operate directly from the
heater electrical ecurrent. (Class 2) ‘

Comment, .

We do not concur in this recommendation. Some current aircraft have -
cycling types of pitot heaters. These cycle on and off as controlled
by thermostats or timers. Warning lights would flash on and off with
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the cycling. We consider this as distracting and possibly detrimental

to safety. Other aircraft in which the pitot heat is controlled directly
by a simple on—off switch could be modified by adding a power relay and
warning lighte. We do not consider this necessary or desirable., Operation
of pitot heat is on cockpit checklists and is well covered in operations
manuals and crew training. In addition, the effectiveness of additionsal
warning lights among the many warning lights presently installed in the
cockpit is of doubtful value.

Recommendation Noe. 3.

Amend the applicable Federal Air Regulations to require the pitot heating
system to be on any time electrical power is applied to an aircraft.

‘I(i'hls showjfl.d also be incorporated in the operator!s operations manual.
Class 2

Comment.
mbi————

This recommendation is considered to apply to all types of aircraft in
service and to future designs. We propose to delete from consideration
those aircraft which are limited to VFR flight only since they are not
required to have any deicing capabilities.

Retrofit on existing aircraft presents many problems and we do not
consider the recommendation practical for general adoptions. Some
cyclic installations will not tolerate continuous heat and would have
to be completely replaced. Continuous heat would be unsafe in many
circumstances such as extended parking with electrical power on. As
you mentioned, reliability would be reduced leading to more frequent
unsafe conditions in flighte We do not consider retrofit of existing
aircraft practical or feasible.

For new designs the recommendation may be feasible because the installations
‘can be safe and reliable by design of interfacing electrical power systems,
positioning of pitot tubes, and construction of pitot tubes. A regulatory
project leading to a Notice of Proposed Rule Making and subsequently a

rule requiring an appropriately designed pitot heating system is being
established,

Sincerely,

£ A~

| Act ing Administrator






